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Abstract 14 

Water scarcity is a key limiting factor for sustainable socioeconomic development especially in 15 

arid and semi-arid basins, and managing water effectively there often requires coherent and 16 

holistic policies and regulations at the basin scale. This study developeds an integrated basin-17 

scale hydroeconomic optimization model. The model reasonably details the representation of 18 

the hydrologic, infrastructural, water demand and regulatory components, with an objective to 19 

maximize overall economic benefits of irrigated crop production, water supply and hydropower 20 

generation, subject to resource, infrastructural, operational and policy constraints. A baseline 21 

calibration enhances the model’s reliability and empirical validity for analyzing interconnected 22 
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physical processes and decision-making, based on the interdependence of hydrologic and 23 

economic components. The model is applied to the Yellow River Basin (YRB), where water 24 

has been fully allocated and intense competition exists among different water users across the 25 

basin. Results show that water availability decreases by approximately 75% from upstream to 26 

downstream, with the corresponding marginal values rising from 0 to 9.14 yuan/m³ along the 27 

river in a severe dry year the coupling of water availability decreases and water value increases 28 

along the river from upstream to downstream, implying a more challenging issue for 29 

downstream water security (especially the critical ecological requirements) and a larger 30 

requirement for water saving in upstream areas. Basin-wide management strategies highlighted 31 

in this study include: transferring water allocationreallocating water to economically high-value 32 

production sectors; coordinating the operation of multiple cascade reservoirs in the basin,and 33 

taking advantage of the reservoirs that havewith inter-year operation capacity; monitoring and 34 

balancing water availability between upstream and downstream areas. The stabilization of 35 

water supply heavily relies on the coordinated operation of aquifers and reservoirs with inter-36 

year storage capacity, which can effectively mitigates hydrologic variability and safeguard 37 

improves downstream water availability. Water valuation analysis based on marginal value 38 

underscores the potential benefits of water trading and inter-regional transfers. The results offer 39 

insights for basin-scale water management, showing potentials of re-allocation strategies for 40 

improving management flexibility and increasing water productivity. Insights from the YRB 41 

are meaningful as guides for managing basins worldwide that face similar challenges.  42 

Key Words: Hydroeconomic model, water allocation, optimization, calibration, supply-43 

demand relationship, Yellow River Basin44 
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1. Introduction 45 

Water scarcity is a growing challenge in many river basins around the world where the 46 

demand for water, driven by population expansion, socioeconomic development, and evolving 47 

consumption habits, outstrips water supply (Hejazi et al., 2014; Kahil et al., 2018; Liu et al., 48 

2017; Tian et al., 2021; United Nations, 2023). In many of those basins, water has already been 49 

overallocated, leading to river basin closure, pervasive water scarcity, groundwater overdraft, 50 

and ecosystem degradation (Hanasaki et al., 2013; Molle et al., 2010; Scanlon et al., 2023; Zhou 51 

et al., 2020). Particularly, as nations strive to sustain growing and more prosperous populations 52 

and economies under changing climatic conditions, challenges such aspressures from water 53 

overuse, ecological degradation, and cross-regional cooperation in large arid and semi-arid river 54 

basins within arid and semi-arid regions are expected to intensify (Kahil et al., 2018). For 55 

instance, the Colorado River and Rio Grande basins face overexploitation dilemmas from 56 

historical agreements that overcommitted actual water availability (Ward et al., 2006). Similarly, 57 

the Murray-Darling Basin in Australia (Ejaz Qureshi et al., 2013; Thevs et al., 2015) and the 58 

Ebro River Basin in Spain (Baccour et al., 2021) struggle to reconcile water quality 59 

deterioration with economic development objectives. The Syr Darya in Central Asia (Cai et al., 60 

2002) and the Nile (Basheer et al., 2023) are significantly impacted by challenges in 61 

transboundary water allocation coordination. These challenges highlight the need for a 62 

systematic framework to analyze spatial and temporal trade-offs across interconnected water-63 

related systems in large river basins. systematic approach is essential to analyze trade-offs 64 

spatially and temporally across water-related systems in large basins, including food production, 65 

energy supply, and ecosystem services. 66 
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Hydroeconomic optimization models (HEMs) have emerged as pivotal tools for guiding 67 

basin-scale water resources planning, incorporating both economic and hydrologic 68 

considerations representations of water supply and demand (Pulido-Velazquez, 2022). 69 

Specifically, theSuch models comprehensively characterizes the infrastructure, management 70 

scheme and the economic value of water resources within the system (Harou et al., 2009; Ward, 71 

2021), based on the mathematical framework and an integrated representation of the that links 72 

biophysical, technological, and economic aspects of water resource systems processes (Cai, 73 

2008; Kahil et al., 2018; Pulido-Velazquez, 2022). Earlier examples applications of such 74 

analysis include Draper et al.’s  basin-scale economic-engineering model of California’s 75 

major water supply system for operatingto coordinate surface and groundwater 76 

resourcesoperations, and to optimizing thee statewide economic benefits of from rural and 77 

urban water use statewide (Draper et al., 2003). Considering conjunctive water use of surface 78 

and groundwater, Zhu et al. (2015) derived numerical solutions and analytical conditions for 79 

optimizing land and water use for crops, short-term and long-term urban water conservation 80 

alternatives, and water transfers. Kahil et al. (2016) strengthened the linkage between 81 

physically-based representations of water sources and uses through integrated hydroeconomic 82 

modeling frameworkHEM to assess the impacts of climate change and policy options in the 83 

Jucar basin in Spain. By combining climate projections, hydroeconomic simulators and 84 

machine learning techniques, Basheer et al.  introduced a planning framework for adaptive 85 

management and multilateral cooperation of the Nile, aiming at relieving water-use stress and 86 

political tension in the riparian countries.  To explore the economic and environmental 87 

consequences of various policy scenarios, Cai et al. (2003) described interrelationships among 88 
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hydrologic, agronomic, and ecological components in the Syr Darya River basin of Central 89 

Asia, where irrigation-induced salinity is a major challenge. Together, these studies highlight 90 

HEMs to inform basin-scale water management under multiple and competing 91 

objectives.Determining urban water use though social surplus concepts in an empirical dynamic 92 

model, Baccour et al.  identified land and water use patterns that maximize sustained income 93 

for both agricultural and urban sectors and minimize environmental damage for different levels 94 

of climate-water stress at the same time in the Ebro River Basin. However, few previous studies 95 

have provided basin-wide economic valuation of water considering joint operation of many 96 

reservoirs across a basin and coupled water availability and water value variation from 97 

upstream to downstream. 98 

In this context, the Yellow River Basin (YRB) in northern China, offers a compelling case 99 

for examining basin development against severe water scarcity (Cai, 2008b; Peng et al., 2017; 100 

Shang et al., 2020). On the supply side, water availability in the YRB is constrained by 101 

decreasing streamflow from reduced precipitation, rising temperature and landscape 102 

evapotranspiration (Yin et al., 2021). On the demand side, with the total drainage area of 103 

7.52×105 km2, the YRB supports 12% of China’s population and 15% of its farmland with only 104 

2.5% of the country’s total water resource (Wu et al., 2004; Zhang et al., 2017). Although 105 

infrastructure including reservoirs and dams has been constructed to regulate streamflow, and 106 

policies such as the “87 Water Allocation Scheme” (General Office of the State Council of the 107 

People’s Republic of China, 1987) have been implemented for rational water allocation and 108 

conservation (Wang et al., 2020, 2018), competitions among water-use sectors have continued 109 

to intensify. Addressing the dual challenges of meeting development needs while ensuring 110 
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reliable and sustainable water use therefore is of considerable concern for the YRB. 111 

Previous studies on water management in the YRB have focused predominantly on supply-112 

side issues (Xia and Pahl-Wostl, 2012; Yin et al., 2017), including the simulation of natural 113 

hydrologic responses to climate change (Bao et al., 2019; Chen et al., 2014; Zheng et al., 2009) 114 

and human interventions (Li et al., 2017; Wang et al., 2019; Yin et al., 2021), projections with 115 

hydrologic models (Cuo et al., 2013; Xu et al., 2011; Yuan et al., 2016; Zhang et al., 2017), and 116 

the optimization of reservoir operations (Bai et al., 2019, 2015; Chang et al., 2014; Meng et al., 117 

2019; Peng et al., 2020). Nevertheless, a significant research gap remains in studies that 118 

integrate physical water availability on the supply-side and decision-making behaviors on the 119 

demand-side, and basin-wide water management regulations within a unified quantitative 120 

framework. 121 

To reveal demand-side behaviors, HEMs have been applied to the YRB at individual or 122 

sub-basin scales. For example, Yang et al. (2012) used a decentralized, multiple-agent 123 

optimization method to explore water allocation management at the agent scale. Cao et al. (2023) 124 

developed an integrated hydro-agro-economic optimization model for the Hetao Irrigation 125 

District within the YRB, analyzing economically optimal land and water allocation, and 126 

environmental sustainability under water scarcity and soil salinization. Martinsen et al.(2021) 127 

formulated a linear programming-based HEM to assess the implications of perfect foresight of 128 

agro-hydrologic events for the South-to-North Water Transfer Project, addressing joint quantity 129 

and quality management. However, basin-wide models that holistically and quantitatively 130 

represent multiple water sources, diverse water-use sectors, coordinated reservoir operations, 131 

spatially coupled variations in water availability and value, and the supply-demand interactions 132 
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under realistic regulatory and institutional settings remain largely absent. As a result, existing 133 

models remain misaligned with the practical needs of the Yellow River Conservancy 134 

Commission (YRCC), which urgently requires an integrated basin-wide framework to guide 135 

evidence-based water allocation decisions and long-term water governance. 136 

This study develops a basin-wide hydroeconomic optimization model for the YRB, which 137 

represents hydrologic, infrastructure, and water demand components of the basin using a node-138 

arc network in a spatially explicit manner, . The model follows the top-down hierarchical water 139 

management institutional setting in the YRB and integrates surface water, groundwater, and 140 

multi-reservoir operations with spatially distributed economic activities across the entire YRB, 141 

aiming to maximize the economic benefits at the basin scale, including hydropower generation, 142 

agricultural production and urban water uses. This unified modelling framework allows a 143 

quantitative assessment of basin-wide water allocation and trade-offs among various water 144 

users across the basinaiming to maximize the economic benefits of system operation for 145 

hydropower generation, agricultural production and urban water uses, while adhering to the 146 

operational and policy constraints. . The objectives are toSpecifically, this paper: (1) elucidate 147 

characterizes the relationships between water supply and demand under different hydrologic 148 

conditions; (2) investigates the synergies and trade-offs of in economic benefits among different 149 

water -demand use sectors; (3) assesses the marginal values of water and the degrees of water 150 

scarcity and provides insights for improving the current water governance in the basin. Notably, 151 

most previous optimization models for basin management are formulated as purely a normative 152 

tools to explore an ideally optimal solutions. To better reflect real-world managementIn this 153 

study, to explore more realistic basin management solutions, we adopt an “positive” 154 
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optimization model, of which the irrigation water use (crop acreage and water application per 155 

hectare), the major water user in the YRB and many other basins, is calibrated to the observed 156 

conditions using a the positive Positive mathematical Mathematical programming 157 

Programming (PMP) approach (Howitt, 1995). The outputs of such a positive model show the 158 

adjustments from current practices, demonstrating thatcan inform us directly what changes are 159 

needed from the current practices. The model was applied to the Yellow River Basin (YRB) as 160 

a case study. The YRB faces serve water scarcity over many years . The management authority 161 

of the YRB, the Yellow River Conservancy Commission (YRCC), urgently needs a basin-wide 162 

model that represents the diverse water sources and sectoral water demands and can be used to 163 

quantitatively assess supply-side shortages and demand-side consumption patterns. This study 164 

will show that tthe proposed basin-wide optimization model framework can be a solid useful 165 

scientific and practical tool to evaluate existing water allocation regulatory programs and 166 

policies and search for new alternatives water allocation regulatory programs and policies in 167 

the YRB. The case study with the YRB will demonstrate how a basin model facilitates 168 

evidence-based decision-making, aiming at assisting policymakers to design targeted 169 

interventions and ensure long-term water security. 170 

2. Study Area and Data 171 

2.1 Study Area 172 

As the second longest river in China and the fifth longest in the world, the Yellow River 173 

(Fig. 21) originates from the Tibetan Plateau, flows across nine provinces, and finally 174 

discharges into the Bohai Gulf (Zheng et al., 2014). On the supply side, water availability in 175 

YRB is constrained by decreasing streamflow from reduced precipitation, rising temperature 176 



9 

 

and landscape evapotranspiration The mean annual runoff of the Yellow River is 53.48 billion 177 

m3, which has been decreasing in the plast 30 years, worsening exacerbating water scarcity in 178 

the basin (Shang et al., 2020). Runoff is distributes very unevenly distributed (Fig. S1) in the 179 

basin due to strong spatiotemporal variation in precipitation (Fig.S2). The average annual 180 

precipitation across the basin during the period from 1981 to 2010 varies spatially from 60 mm 181 

to 900 mm, showing an increasing trend from the northwest to the southeast (Yin et al., 2017). 182 

Precipitation in the basin is highly seasonal, with approximately 60% of the annual precipitation 183 

occurring during the wet season (July-October), while only 10–20% in the dry season (March-184 

June).Precipitation concentrates in July to October when 60% of the annual flow occurs, while 185 

only 10% to 20% of precipitation is in the dry season (March to June). With Under a continental 186 

monsoon climate, most of the Yellow River basinYRB is in arid and semi-arid regions, with 187 

average annual potential evapotranspiration of 1199.7 mm (Peng et al., 2017). To mitigate 188 

adverse impacts from of floods and droughts, numerous dams and reservoirs have been 189 

constructed to regulate streamflow in the basin. By 2020, a total of 224 large and medium-sized 190 

reservoirs have been built (YRCC, 2020). Large reservoirs, such as Longyangxia, Liujiaxia and 191 

Xiaolangdi, serve as both water storage and hydropower generation facilities.  192 

The Yellow River is a major source of water supply in for northern China, for supporting 193 

agricultural irrigation, industries, domestic water uses and ecological water compensation and 194 

so onflow requirements. With the development of the national economy, total water use in the 195 

basin, sourced from both surface water and groundwater, has increased from 44.63 billion m3 196 

in 1980 to 53.48 billion m3 in 2015 (Peng et al., 2017). With the total drainage area of 7.52×105 197 

km2, the YRB supports 12% of China’s population and 15% of its farmland with only 2.5% of 198 
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the country’s water resource , with the water resources utilization rate of 80% already . Frequent 199 

drying up of the Yellow River’s main channel occurred between 1972 and 2000 (Liu and Cheng, 200 

2000), highlighting severe spatial and temporal mismatches between water supply and demand. 201 

To address this issue, the Chinese government introduced the “87 Water Allocation Scheme” in 202 

1987 (General Office of the State Council of the People’s Republic of China, 1987), using the 203 

average annual natural runoff of 58 billion m³ from 1919 to 1975 as a water availability baseline. 204 

After reserving 21 billion m³ for sediment flushingenvironmental flow requirements, the 205 

remaining 37 billion m³ of water resources were allocated among the nine provinces and 206 

autonomous regions within the basin as well as Hebei Province and Tianjin City. , a 207 

municipality directly under the Central Government. Both Hebei and Tianjin are located outside 208 

of the basin but rely on water transferred from the Yellow River. However, significant 209 

discrepancies between actual runoff and this baseline water availability gradually emerged. 210 

Meanwhile, due to insufficient regulatory enforcement, the scheme was not effectively 211 

implemented, leading to frequent water overuse in provinces such as Inner Mongolia and 212 

Shandong. In response, the scheme was revised in 1998, alongside the implementation of the 213 

“Yellow River Water Allocation and Management Regulations”, which centralized water 214 

resource management under the YRCC (Wang et al., 2019a; Wang and Lou, 2022). Based on 215 

the original scheme, the regulations adhered to the principle of “increasing allocations in wet 216 

years and reducing them in dry years”, and water overuse by provinces was deducted from 217 

subsequent allocations to ensure compliance. Nevertheless, the contradiction between reduced 218 

water sources availability and unmet growing water demand is growing and needs to be solved 219 

urgently (Wang et al., 2018, 2020).  220 
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Previous studies on water management in the YRB have focused predominantly on supply-221 

side issues , emphasizing the simulation of natural hydrologic processes with climate change  222 

and human interventions , as well as projections with hydrologic models including Budyko 223 

framework , SWAT  and VIC model . Additionally, exiting studies examined optimizing 224 

reservoir operations to achieve synergistic benefits of water supply, flood control, power 225 

generation, and sediment management, contributing to better coping with cascade reservoir 226 

scheduling in the basin . Nevertheless, a significant research gap remains in studies that 227 

integrate quantitative representation of physical realities in the supply-side and decision-228 

making behaviors in the demand-side as well as comprehensive water management regulations 229 

for the entire YRB. 230 

So far, hydroeconomic models have been widely applied in the arid and semi-arid basins, 231 

including some sub-basins in the YRB. For example, Cao et al.  set up an integrated hydro-232 

agro-economic optimization model with positive mathematical programming calibration, 233 

reconciling agricultural net income, irrigation practices, and environmental sustainability faced 234 

with water shortage and soil salinization for the Hetao irrigation district in the upstream reaches 235 

of the YRB. Martinsen et al. estimated the impact of assuming perfect foresight of future agro-236 

hydrologic events on the proposed water infrastructure of South-to-North Water Transfer 237 

Project (SNWTP), diverting Yellow River water to the Hai River basin for joint water quantity 238 

and quality management by formulating a linear program-based hydroeconomic model. Shang 239 

et al. and Wang et al. discussed competition, cooperation and fairness of water use in the YRB 240 

based on existing data, established indicators to measure the degree of collaboration and 241 

competition, and applied the Gini coefficient and the Lorentz curve, respectively. However, 242 
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there is a notable absence of models that holistically and quantitatively address multiple water 243 

sources, diverse water use sectors, and the intricate supply-demand relationships at the basin 244 

scale. 245 

Fig.Figure 3 2 depicts the basin network of water allocation among water sources (rivers, 246 

groundwater aquifers and reservoirs) and water users (hydropower stations, agricultural, 247 

industrial, municipal and ecological demand sites), detailed node-link information is listed in 248 

Table 1 and the supplementary Supplementmaterial (Table S2-1 to S2-6). 249 

 250 

Fig. 21. The Yellow River basinYRB in China: general topography, mainstream and tributaries, provinces 251 

and key reservoirs. 252 
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 253 

Fig. 32. Schematic diagram of the river network system. 254 

Table 1. Abbreviations and full names of nodes mentioned in the main text and associated provinces. 255 

Detailed node information is provided in the supplementary material (Table S2-1 to Table S2-6). 256 

Node Name Province 

I3 Ningxia irrigation district (NX) Ningxia 

I4 Hetao irrigation district (HT) Inner Mongolia 

I5 Nanan irrigation district (NA) Inner Mongolia 

I8 Weihe irrigation district (WH) Shaanxi 

I12 Shandong irrigation district (SD) Shandong 

EEDS Ordos Inner Mongolia 

XA Xi’an Shaanxi 

WNA Weinan Shaanxi 

DY Dongying Shandong 

WLSH Wuliangsu Lake Inner Mongolia 

YRD Yellow River Delta Shandong 

LYX Longyangxia Qinghai 

LiuJX Liujiaxia Gansu 

QTX Qingtongxia Ningxia 

WJZ Wanjiazhai Shanxi 

SMX Sanmenxia Henan 

XLD Xiaolangdi Henan 

2.2 Data  257 

The Hydroeconomic Model (HEM) for the YRB requires extensive data to set up, calibrate, 258 

and run. These include monthly meteorological and hydrologic time series, aquifer attributes, 259 

characteristics of storage, conveyance and pumping facilities, factors that determine water 260 
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demands of domestic, industrial, agricultural and environmental sectors, in addition toand 261 

regulations and rules of water system management and operations. The data were acquired from 262 

various sources, such as governmental statistics, river basin agencies, research institutions, 263 

global databases, and when necessary, expert consultations. Table 2 lists the categories, specific 264 

parameters, attributes and sources of the datasets used in the model.  265 

Integrating diverse data types and scales to develop a unified model remains challenging. 266 

Water source data were are evaluated based on hydrologic records reflecting the natural 267 

conditions before human interventions, while water use data are gathered from governmental 268 

or institutional statistics. Both supply and demand-side data were are subsequently aggregated 269 

to the source and demand “nodes” (Fig. 32) defined in this study. Specifically, gridded 270 

meteorological data were are processed using geographic information systems (GIS) with the 271 

basin’s spatial configuration, and vconfigured for the spatial layout of the basin. Values for each 272 

spatial unit were are extracted, aggregated and averaged at the node scale. For irrigation, 273 

primary data sourced from the MapSPAM database (International Food Policy Research 274 

Institute, 2019) were are also processed using ArcGIS and cross-validated against observations 275 

provided byfrom local agencies to ensure accuracy and reliability.  276 

Parameters were are either calculated estimated from observation empirically-observed 277 

data or derived from existing publications, and are further refined through contextual 278 

adjustments. Parameter estimation for crop growth involves geographic distribution, growth 279 

period, and hydrothermal conditions of various crops, complemented by data from field 280 

observations and experiments. For reservoirs, key parameters of storage-elevation and storage-281 

area curves, were are derived from real operation and fitted to a quadratic function assumption. 282 
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Economic items such as price elasticity coefficients for industrial and domestic water use, were 283 

are primarily obtained from literature at provincial or local levels.  284 

Parameters with inherent uncertainties were are initially estimated through preliminary 285 

assessments and refined during model calibration. Sensitivity analyses of such parameters have 286 

been conducted in HEMs applied to some major regions located in the YRB (Cao et al., 2023). 287 

The current study adopts the prior results. Moreover, the crop prices used in this study fall 288 

within the range of prices observed historically. Because these prices place the values of 289 

agricultural use well below the economic values of water for industrial and domestic sectors, it 290 

is unlikely to see that realistic changes in agricultural prices dramatically alter operation of this 291 

model within constraints of water availability as well as capacity and policy constraints. In 292 

addition, we have strived to select reasonable and empirically-observed parameter values of 293 

other important economic parameters including electricity tariff (General Office of the State 294 

Council of the People’s Republic of China, 2024) and demand elasticities (Qin et al., 2022; 295 

Zhang and Cheng, 2022). Nevertheless, it will be ideal to assess the sensitivity of such 296 

important economic parameters. However, this will require extensive sectoral survey data and 297 

econometric modeling, which is beyond the scope of the present study and be addressed in 298 

future studies. To enhance model stability, parameter and coefficient values were are adjusted 299 

to comparable magnitudes, ensuring consistent numerical scales across variables. This reduces 300 

the risk of non-convergence caused by excessively large numerical ranges, thereby preventing 301 

infeasible solutions in a large-scale nonlinear optimization model (Cai, 2008a).302 
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Table 2. Sources and attributes of data used in the HEM.  303 

Category Content Parameter 
Resolution 

and period 
Source 

Hydrometeorology 

Meteorology 

Precipitation, vapor 

pressure, temperature, 

cloud cover, potential 

evapotranspiration 

0.5°×0.5°, 

1996-2015 

CRU TS 4.06 

(Harris, 2024) 

Surface 

water 
Streamflow 

Monthly, 

1996-2015 

YRCC, Ministry of 

Water Resources of 

the PRC 

Groundwater 
Aquifer area, specific 

yield 
 

Yellow River 

Water Resources 

Bulletin (2020) 

Water Supply 

Infrastructure 

Storage 

Reservoir capacity, 

dead storage, storage-

elevation curve, 

storage-area curve, tail 

water elevation 

 — 

Conveyance 
Surface water division 

requirement 
 Chai (2015) 

Hydropower 
Installed capacity, firm 

power 
 — 

Demand Sector 

Irrigation 

Observed area, 

production and yield 

1/12°×1/12° 

MapSPAM 

(International Food 

Policy Research 

Institute, 2019) 

2020 

Local 

governmental 

agencies 

Crop growth 

coefficients 
 

FAO 56 (Allen et 

al., 1998) 

Crop price, pumping 

cost 
2020 

Compilation of 

National Income 

from Agricultural 

Products (2021) 

Urban 

Industrial and domestic 

water demand, price 

and supply cost 

2020 

Provincial water 

resources bulletin, 

statistical yearbook 

Ecological 

Off-stream ecological 

water demand, 

instream environmental 

flow requirements 

Monthly 

Yellow River 

Water Regulation 

Plan (YRCC, 

2025) 

Management and 

Policy 

Regulation 
Inter-provincial water 

allocation 
 

1987 Water 

Allocation Scheme 

单击或点击此处

输入文字。 

Constraint 

Reservoir operation, 

hydropower output 

coefficient, flood 

control water level 

 

Chang et al. 

(2017), Yan et 

al.(2012), Wei et 

al. (2003) 
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3. Model Formulation  304 

The hydroeconomic model is an integrated model to reveal and structure the 305 

interdisciplinary nature of river basin water management, for deriving economically promising 306 

water management and policy decisions. As an optimization model, the HEM’s objective is to 307 

maximize basin-wide economic benefits of water use to support economically efficient water 308 

allocation. Designed from the perspective of management institutions, tThe model assumes an 309 

idealized framework in which the authority YRCC achieves seamless information sharing 310 

across all water supply sources and water-use sectors, and has complete control over basin-311 

wide water resource allocation decisions across the basin. To certain extent, this setting aligns 312 

with real-world governance in the YRB, where the YRCC serves as a centralized authority with 313 

cross-provincial and cross-sectoral mandates for planning, water allocation, regulation, and 314 

emergency response, , a top-down structure differing from decentralized and collaborative 315 

institutional frameworks (Giakoumis & Voulvoulis, 2018; Lawless et al., 2024; Rivera-Torres 316 

and Gerlak, 2021; Yang et al., 2013).  317 

The HEM runs as a multi-year model with a monthly time step, using continuous monthly 318 

hydrologic data during the period of 1996-2015, while fixing socioeconomic and infrastructure 319 

conditions at the 2020 level. The monthly time step is adopted to capture seasonal hydrologic 320 

variability with computational feasibility, and matches the frequency of management reporting 321 

from provincial governments to the basin authority YRCC. The selected unimpaired 1996-2015 322 

monthly hydrologic series represents the most recent continuous and reliable hydrologic record, 323 

captures hydrological stochasticity, and enables the HEM’s realistic representation of inter-year 324 

reservoir regulation. This model formulation follows established modeling approaches for 325 
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large-scale water resource planning (e.g., CALVIN; Draper et al., 2003; Harou et al., 2009), as 326 

well as YRCC’s planning and practice (YRCC, 2015).   327 

Fig. ure 1 3 shows the overview of model framework. input Input data are categorized into 328 

data on the supply side and demand side, and data for specifying various operational, 329 

management and institutional rules in the model. Structured in this way, the model includes 330 

benefit and cost computation of each modeled water-using sector that to quantifies quantify the 331 

economic value of water, while besides imposing constraints applied toon the node-arc network 332 

to represent mass balance, infrastructure capacity limits, and policy requirementsthat reflect 333 

conservation of mass of water flow, capacity constraints of water infrastructure, and policy 334 

constraints. Outputs includes water resourceallocation, economic performance, and 335 

management and policy results. The model was is written in the General Algebraic Modeling 336 

System (GAMS) language and solved with CONOPT (GAMS System Overview). Detailed 337 

descriptions and units of variables and parameters used in the model are in the supplementary 338 

Supplementmaterial (Table S1). 339 
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 340 
Fig. 13. Overview of the model framework. 341 

3.1 Objective Function 342 

The objective function of the model is to maximize the total net total economic benefit of 343 

water-using use sectors in the basin, including hydropower generation, irrigated agricultural 344 

production, industrial water uses, and urban domestic and industrial water uses. The objective 345 

function is formulated as: 346 
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𝑀𝑎𝑥 𝑍 = ∑ ∑ 𝐻𝑃𝑟,𝑡

𝑟𝑡

+ ∑ ∑ 𝐴𝐺𝑖,𝑦

𝑖𝑦

347 

+ ∑ ∑ 𝑈𝑅𝑐,𝑦

𝑐𝑦

348 

− ∑ ∑ 𝐶𝑜𝑠𝑡𝑃𝑀𝑃
𝑖,𝑦

− ∑ ∑ 𝐶𝑜𝑠𝑡𝑃𝑢𝑚𝑝
𝑔,𝑡

− ∑ ∑ 𝐶𝑜𝑠𝑡𝑤𝑎𝑡𝑒𝑟
𝑑𝑛,𝑡

𝑑𝑛𝑡𝑔𝑡𝑖𝑦

                      (1) 349 

where the objective variable (𝑍) represents basin-wide net economic benefit accrued over the 350 

entire multi-year period (1996-2015), . The right-hand side of Eq. (1) denotes gross revenue of 351 

hydropower 𝐻𝑃𝑟,𝑡 from reservoir 𝑟, irrigation 𝐴𝐺𝑖,𝑦 on in irrigated area 𝑖, and industrial and 352 

municipal activities 𝑈𝑅𝑐,𝑦 in city 𝑐, subtracted by the sum of cost terms including pumping 353 

cost 𝐶𝑜𝑠𝑡𝑃𝑢𝑚𝑝
𝑔,𝑡

 from groundwater aquifer 𝑔, water resources fees 𝐶𝑜𝑠𝑡𝑤𝑎𝑡𝑒𝑟
𝑑𝑛,𝑡

 at every water 354 

use sectordemand node 𝑑𝑛  (including agricultural, industrial, domestic uses),, and total 355 

agricultural production cost estimated 𝐶𝑜𝑠𝑡𝑃𝑀𝑃
𝑖,𝑦

. The value of year index (𝑦 = 1,2, … 𝑌) can 356 

be determined using the value of the index for month sequence (𝑡 = 1,2, … 𝑇) (Table S1). The 357 

Positive Mathematical Programming (PMP) is used in this study to estimate parameter values 358 

in agricultural production cost functions, which enables replication of the observed land and 359 

water use patterns in the base year while adjusting smoothly to economic changes (Howitt, 360 

1995; Zhu et al., 2015). TheTime value of year index (𝑦 = 1,2, … 𝑌) can be determined using 361 

the value of the index for month sequence (𝑡 = 1,2, … 𝑇) (Table S1). 362 

Energy production and benefit: The revenue from hydropower generation is calculated by 363 

flow rate through the turbine, net hydraulic head that drives the turbine, generation efficiency 364 

and average monthly electricity price, namely: 365 

𝐻𝑃𝑟,𝑡 = 𝐾𝑟 ∙ 𝑄𝑇𝑡
𝑟 ∙ (𝐻𝑡

𝑟 − 𝑇𝑟) ∙ 𝑝𝐻𝑃𝑟
(2) 366 

where 𝐾𝑟 is the product of generation efficiency of the hydroelectric hydropower plant, density 367 

of water, and the gravitational acceleration, 𝑄𝑇𝑡
𝑟  is solved monthly average flow through 368 
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hydroelectric hydropower turbine, 𝐻𝑡
𝑟 is solved hydraulic head, 𝑇𝑟 is tail water elevation, and 369 

𝑝𝐻𝑃𝑟 is the price of electricity.  370 

Energy consumption for groundwater extraction depends on the pumping rate, depth of 371 

groundwater table, and the efficiency of pumping set. The pumping cost is: 372 

𝐶𝑜𝑠𝑡𝑃𝑢𝑚𝑝
𝑔,𝑡

=
𝜌𝐺

𝜂
∙ 𝐻𝑡

𝑔
∙ 𝑄𝑡

𝑔
∙ 𝑝𝐺𝑊 (3) 373 

where 𝜌  is water density, 𝐺  is gravitational acceleration, 𝜂  is pumping efficiency, 𝐻𝑡
𝑔

  is 374 

pumping depth at groundwater aquifer 𝑔 , 𝑄𝑡
𝑔

  is groundwater withdrawal, and 𝑝𝐺𝑊  is 375 

electricity energy price for pumping groundwater in rural areas. 376 

Agricultural production, cost and benefit: To reflect growing stage-specific crop 377 

sensitivity of a crop to water deficit with over the growing period, the Jensen’s crop water 378 

production function (Kipkorir and Raes, 2002; Sun et al., 2012) is applied to estimating crop 379 

relative yield. The gross benefit of crop production at in an irrigatedion area is determined by 380 

crop yields, harvested areas and prices.  381 

𝐴𝐺𝑖,𝑦 = ∑ 𝑅𝑌𝑐𝑝,𝑦
𝑖 ∙ 𝑌𝑚𝑎𝑥𝑐𝑝

𝑖 ∙ 𝐴𝑐𝑝,𝑦
𝑖 ∙ 𝑝𝐴𝐺𝑐𝑝

𝑐𝑝

(4) 382 

𝑅𝑌𝑐𝑝,𝑦
𝑖 = ∏ (

𝐸𝑇𝑎𝑐𝑝,𝑡
𝑖

𝐸𝑇𝑐𝑐𝑝,𝑡
𝑖

)

𝜆𝑐𝑝
𝑚𝑀

𝑚=1

(5) 383 

In equations (4) and (5), 𝑅𝑌𝑐𝑝,𝑦
𝑖   is solved relative yield for crop 𝑐𝑝𝑟  at in irrigated 384 

irrigation district 𝑖 for crop 𝑐𝑝, 𝑌𝑚𝑎𝑥𝑐𝑝
𝑖  is maximum crop yield without water stress, 𝐴𝑐𝑝,𝑦

𝑖  385 

is harvested area, 𝑝𝐴𝐺𝑐𝑝
 is the crop price, 𝐸𝑇𝑎𝑐𝑝,𝑡

𝑖  is actual crop evapotranspiration, 𝐸𝑇𝑐𝑐𝑝,𝑡
𝑖  386 

is potential crop evapotranspiration, and 𝜆𝑐𝑝
𝑚  is the sensitivity factor in growing stage 𝑚 for 387 

the crop 𝑐𝑝, in the Jensen’s crop water production function(Table S3). The growing stage 𝑚 388 

represents the order of months within the growing period in year 𝑦of crop 𝑐𝑝 in irrigation area 389 

𝑖, which is harvested in year 𝑦.  390 
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A quadratic production cost function is estimated using the PMP approach for each crop at 391 

in each irrigation district in the model:  392 

𝐶𝑜𝑠𝑡𝑃𝑀𝑃
𝑖,𝑦

= ∑(𝜇𝑐𝑝
𝑖 + 0.5𝜑𝑐𝑝

𝑖 ∙ 𝐴𝑐𝑝,𝑦
𝑖 )𝐴𝑐𝑝,𝑦

𝑖

𝑐𝑝

(6) 393 

where 𝜇𝑐𝑝
𝑖  and 𝜑𝑐𝑝

𝑖  are the intercept and slope in the PMP production cost function for crop 394 

𝑐𝑝 at in irrigated irrigation district 𝑖. In model calibration, the slope of the marginal crop is 395 

estimated by observed planting harvested area, land supply elasticity and gross margin. For 396 

other crops, cost functions are calculated based on the dual value of economic calibration using 397 

the PMP calibration constraint (Zhu et al., 2015). 398 

Urban water-using benefit: Economic gains from water uses in urban industrial and 399 

domestic activities are determined based on urban water prices and costs (Cai et al., 2006; 400 

Gohar et al., 2019): 401 

𝑈𝑅𝑐,𝑦 = ∑ ∑ 𝐶𝑆𝑐
𝑘,𝑦

𝑘𝑐

+ ∑ ∑(𝑝𝑐
𝑘,𝑦

− 𝑐𝑜𝑠𝑡𝑐
𝑘,𝑦

)

𝑘𝑐

𝑄𝑐
𝑘,𝑦

(7) 402 

where 𝐶𝑆𝑐
𝑘,𝑦

 is consumer surplus for city 𝑐 and industrial or domestic water use activity 𝑘, 403 

𝑝𝑐
𝑘,𝑦

 is the urban water tariff, 𝑐𝑜𝑠𝑡𝑐
𝑘,𝑦

 is the cost from suppliers providing water to users, and 404 

𝑄𝑐
𝑘,𝑦

 is industrial or urban domestic water use in year 𝑦. It is worth mentioningimportant that 405 

𝑈𝑅𝑐,𝑦 only represents the economic benefits that water, as a factor of production, contributes 406 

to industrial and/or domestic activities. 407 

A demand function of between water price and the demand for waterwith respect to water 408 

demand is prescribed withspecified as the following linear form:  409 

𝑝𝑐
𝑘,𝑦

= 𝛼𝑐
𝑘 − 𝛽𝑐

𝑘 ∙ 𝑄𝑐
𝑘,𝑦

(8)410 

where 𝛼𝑐
𝑘  and 𝛽𝑐

𝑘  are the intercept and the slope of the demand function, respectively, 411 

estimated based on observed prices and price elasticity of demand adopted from the literature. 412 
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Consumer surplus is derived from the area underintegral of the demand function as: 413 

𝐶𝑆𝑐
𝑘,𝑦

= ∫ (𝛼𝑐
𝑘 − 𝛽𝑐

𝑘 ∙ 𝑄𝑐
𝑘,𝑦

)𝑑𝑄 =
𝑝𝑚𝑎𝑥

𝑝𝑐
𝑘,𝑡

1

2
𝑄𝑐

𝑘,𝑦
(𝛼𝑐

𝑘 − 𝑝𝑐
𝑘,𝑦

) (9) 414 

Water resource fees: Charges for water delivered to demand node d from both surface water 415 

and groundwater are calculated as: 416 

𝐶𝑜𝑠𝑡𝑤𝑎𝑡𝑒𝑟
𝑑,𝑡 = ∑ 𝑐𝑜𝑠𝑡𝑠𝑢𝑟

𝑑 𝑐𝑜𝑠𝑡𝑠𝑢𝑟 ∙ 𝑄𝑠𝑢𝑟𝑡
𝑛𝑢,𝑑

𝑛𝑢

+ ∑ 𝑐𝑜𝑠𝑡𝑔𝑤
𝑑 𝑐𝑜𝑠𝑡𝑔𝑤 ∙ 𝑄𝑡

𝑔,𝑑

𝑔

(10) 417 

where 𝑐𝑜𝑠𝑡𝑠𝑢𝑟
𝑑 𝑐𝑜𝑠𝑡𝑠𝑢𝑟 and 𝑐𝑜𝑠𝑡𝑔𝑤

𝑑 𝑐𝑜𝑠𝑡𝑔𝑤 are surface water and groundwater resources fees, 418 

respectively; 𝑄𝑠𝑢𝑟𝑡
𝑛𝑢,𝑑 is surface water used from upstream inflow node 𝑛𝑢 to demand node 419 

𝑑, and 𝑄𝑡
𝑔,𝑑

 is groundwater used from aquifer 𝑔 to demand node 𝑑. 420 

3.2 Water Balance and Capacity Constraints 421 

Flow balance: Mass balance requires that storage change at a node equals the total incoming 422 

flow minus the total outgoing flow during the period: 423 

𝑆𝑡
𝑛 − 𝑆𝑡−1

𝑛 = ∑ 𝑄𝑡
𝑛𝑢,𝑛

𝑛𝑢

− ∑ 𝑄𝑡
𝑛,𝑛𝑑

𝑛𝑑

(11) 424 

where 𝑆𝑡
𝑛 is storage of node 𝑛  in period 𝑡, 𝑄𝑡

𝑛𝑢,𝑛
 is inflow from upstream node 𝑛𝑢 to node 425 

𝑛 , and 𝑄𝑡
𝑛,𝑛𝑑

  is outflow from node 𝑛  to downstream node 𝑛𝑑 . Eq. (11) applies to node 𝑛 426 

types including surface reservoir, groundwater aquifer, river reach, artificial conveyance facility 427 

such as canals and pipelines, and junction node. River reaches, conveyance facilities, and 428 

junction nodes have negligible storage capacity, so the left-hand side of the equation becomes 429 

zero, forcing total incoming flow to equal total outgoing flow in any time period. Incoming 430 

flows node types include  to node 𝑛 include flows from upstream river reaches, local streams, 431 

reservoirs, groundwater aquifers, and return flows from irrigated area or urban nodes. Outgoing 432 

flow node types include reservoir, river reach, groundwater aquifer, reservoir evaporation as a 433 

sink, river basin outlet as a sink, and demand site. Specifically, for a reservoir node 𝑟 with 434 



24 

 

hydropower plant, total release to the downstream equals: 435 

∑ 𝑄𝑡
𝑟,𝑛𝑑

𝑛𝑑

= 𝑄𝑇𝑡
𝑟 + 𝑄𝑆𝑡

𝑟 (12) 436 

Where where 𝑄𝑇𝑡
𝑟 is flow through turbine, 𝑄𝑆𝑡

𝑟 is reservoir spill. 437 

Water delivery: Total water delivery to demand node nd in time period t equals the sum of 438 

surface water and groundwater deliveries in the time period: 439 

𝑄𝑡
𝑑𝑛 = ∑ 𝑄𝑠𝑢𝑟𝑡

𝑛𝑢,𝑑𝑛

𝑛𝑢

+ ∑  𝑄𝑡
𝑔,𝑑𝑛

𝑔

(13) 440 

where 𝑄𝑡
𝑑𝑛 is total water delivery, 𝑄𝑠𝑢𝑟𝑡

𝑛𝑢,𝑑𝑛 is surface water from upstream node 𝑛𝑢 to node 441 

𝑑𝑛, 𝑄𝑡
𝑔,𝑛

 is groundwater from aquifer 𝑔 to node 𝑑𝑛. 442 

Irrigation only occurs when crop evapotranspiration requirement exceeds effective 443 

precipitation. Water delivered to an irrigated area equals total delivery multiplied by irrigation 444 

efficiency: 445 

𝑄𝑡
𝑖 ∙ 𝑒𝑖 = ∑ 𝐼𝑊𝐷𝑡

𝑖 ∙ 𝐴𝑐𝑝,𝑦
𝑖

𝑐𝑝

(14) 446 

where 𝑒𝑖  is irrigation efficiency at in irrigation district 𝑖 , and 𝐼𝑊𝐷𝑡
𝑖  is net irrigation water 447 

requirement determined by the difference between monthly effective precipitation and crop-448 

specific monthly evapotranspiration when the latter is larger. 449 

Capacity constraints: A set of constraints are applied, to set the upper and lower bounds for 450 

of decision variables, including, but not limited to, reservoir storage capacity and dead storage, 451 

installed hydropower generation capacity and firm power, conveyance capacity, river flow 452 

regime for aquatic ecosystem protection or minimum instream flow requirement, range of 453 

planted areas of certain crops and guaranteed urban water supply. 454 

Particularly, to avoid storage depletion by achieving pursuing high net revenue and 455 

meeting high water demand, a constraint for major large reservoirs with inter-year storage 456 
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capacity is added to reserve water for future use at the end of a water year: 457 

𝑆𝑡𝑒

𝑟 ≥ 𝑆𝑒𝑛𝑑
𝑟 (15) 458 

where 𝑡𝑒 is the last month of a water year and 𝑆𝑒𝑛𝑑
𝑟  is targeted carryover reservoir storage 459 

value. 460 

3.3 Baseline calibration   461 

Due to the incomplete representation of numerous implicit and qualitative factors in real-462 

world physical processes and decision-making, the HEM is limited in its ability to reliably 463 

representing the actual water supply-demand dynamics of water supply and demand with 464 

sufficient details, before being calibrated for adequate model fidelity. Thus, a baseline approach 465 

is adopted for this study, i.e., using a starting point to compare and evaluate results against 466 

observations. Obtaining a baseline of observed model inputs and outputs is a crucial procedure 467 

to improve the model’s applicability and reliability for policy analysis (Cai and Wang, 2006; 468 

Draper et al., 2003). 469 

Calibration is usually used to develop a baseline for a computer-based model. The 470 

complexity to calibrate a hydroeconomic modelHEM is to calibrate the connected hydrologic 471 

and economic components (Cai and Wang, 2006). Given the interdependence among these 472 

parameters, calibration simultaneously helps to reflect how hydrologic variability propagates 473 

to economic outcomes, while and how economic behaviors conversely alter hydrologic regimes.   474 

Hydrologic calibration is to adjust model parameters to ensure that system states closely 475 

match observed mass balance conditions (Baccour et al., 2022). This process involves 476 

maintaining water balance across the entire basin and at each individual node, balancing water 477 

supplies, uses, consumptions, and changes of surface reservoir and groundwater storages. For 478 
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reservoirs, water storage-release relationships are typically governed by the physical 479 

characteristics  of the infrastructure and operational rules with embedded economic drivers 480 

from demand sites (Cai and Wang, 2006). During the ice-flood control periods, strict constraints 481 

are imposed on water releases from major reservoirs to safeguard ice flood control in to critical 482 

river reaches (Chang et al., 2014; Hu et al., 2023a, 2023b; Yan et al., 2012). Additionally, the 483 

operations of specific reservoirs during the flood season undertake sediment-flushing tasks, 484 

which align with broader objectives of basin-wide water regulation objectives (Gao et al., 2023; 485 

Zhai, 2004). 486 

Economic calibration uses the PMP method (Howitt, 1995) to calibrate agricultural 487 

activities in the base year, replicating observed land and water use patterns while effectively 488 

addressing the issue of over-specialization inherent in typical traditional linear models. By 489 

incorporating nonlinearity into the objective function using the shadow values of the calibration 490 

constraints (Section 3.1), PMP replicates base base-year activity levels and resource allocation 491 

without introducing artificial constraints, ensuring allowing smooth adjustments to economic 492 

changes (Mérel and Howitt, 2014). This approach minimizes reliance on detailed information 493 

and facilitates the realistic representations of economic behaviors with limited data. The 494 

quadratic form of the cost function captures diminishing marginal returns on additional inputs, 495 

and accounts for the substitutability of different input factors, focusing focuses on the impacts 496 

of water and land on crop yields,  while and reflecting reflects farmers’ decision-making 497 

behaviors (Howitt, 1995; Medellín-Azuara et al., 2012, 2010). To calibrateFor industrial and 498 

domestic water demand, economic parameters such as price elasticity elasticities are adjusted. , 499 

and Water water withdrawals at industrial and domestic sites are calibrated to align with 500 



27 

 

baseline observations through a value-demand search process (Cai et al., 2006). 501 

A model performance evaluation is conducted to assess the consistency of the calibrated 502 

HEM with observed system behavior. Model outputs for major hydrological gauge stations, 503 

end-of-year reservoir storage, and agricultural water use are compared against observations 504 

using Percent Bias (PBIAS) and Normalized Root Mean Square Error (NRMSE). The 505 

performance check (Table S4) indicates that the modeled values fall within acceptable ranges 506 

relative to the observations, supporting the calibrated model for subsequent analysis. 507 

4. Results 508 

In this paper, the HEM was is solved for as an optimization model run which uses monthly 509 

hydrologic and meteorological data from 1996 through to 2015, while the socioeconomic and 510 

water management conditions, such as water infrastructure, urban water demand, irrigated area 511 

and crop mix, water use efficiency and ecological water requirements, are fixed at the base 512 

base-year,  (namely 2020) level. Notably, irrigation water requirements were derived monthly 513 

for the period 1996-2015, consistent with time period of streamflow data in the model run. 514 

Hydrological year types were are determined by the frequency analysis of the unimpaired 515 

annual flow at the basin outlet, with the 5th (2002), 50th (1998), and 95th (2012) percentiles 516 

selected from the 1996-2015 period to represent dry, normal, and wet years, respectively. 517 

4.1 Dynamics of Water Supplies and Uses 518 

Fig.Figure 4 shows the supply of surface water and groundwater for under different 519 

hydrologic conditions. Total water withdrawal (TOT) is higher in dry years than in wet years, 520 

primarily due to higher irrigation requirements under water scarcity. Surface water is the 521 
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primary dominant supply source in the basin. However, due to hydrologic and climatic 522 

variabilities, natural surface runoff (SWR) fluctuates sharply with annual inflow differences 523 

exceeding 20 billion m3 between dry and wet years for the whole basin. The available surface 524 

water inflow is lower than theinsufficient to meet actual surface water withdrawal (SW) during 525 

dry years, and the unmet demand is compensated through reservoir releases and water transfer 526 

projects. Groundwater In contrast, groundwater supply (GW) demonstrates is greater 527 

stabilityrelatively stable across hydrologic conditions, compensating reduced surface water 528 

supplies in drier dry years. This highlights the important role of Groundwater groundwater is a 529 

more stable source with importance as a buffer resource to enhance the resilience of the basin’s 530 

overall water supply system to under unfavorable hydrologic conditions. 531 

Fig.Figure 5 shows annual water withdrawals, aggregated by the total amount of various 532 

water used for various water uses by for each sub-basins and for the entire basin. Irrigation uses 533 

the largest amount of water among all sectors, accounting for more than 70% of total water 534 

withdrawals in the basin. The high demand is due tofrom the extension of irrigated area, the 535 

diversity of crops, and the inconsistency between the peak of water requirements for crop 536 

growth and the rainfall seasonality. Agricultural water withdrawal decreases from upstream to 537 

downstream, in contrast to the increase in irrigated areas from upstream to downstream. This, 538 

suggestings more irrigation water use per unit planting area that in the upstream areas 539 

useregions more irrigation water per unit crop area. Specifically, bBecause upstream regions 540 

have a more arid climate, only a relatively small portion of crop water requirements are met by 541 

effective precipitation, therefore increasing reliance on irrigation requirements. Meanwhile, 542 

downstream irrigation districts, with more advanced irrigation technologies, have higher water 543 
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use efficiency in reducing agricultural water withdrawals.  544 

The middle reaches of the YRB have the highest industrial Industrial and domestic water 545 

demands are highest in the middle reaches of the YRB. Shanxi and Shaanxi provinces in the 546 

midstream region, have water-intensive heavy industries such as energy production, steel 547 

manufacturing, and metallurgy (Wang, 2023), resulting in substantial industrial water use. For 548 

domestic water useAdditionally, 14 prefecture-level cities considered in these two provinces 549 

have large resident populations, leading to high household domestic water demand. The 550 

provincesHenan and Shandong in lower reaches such as Henan and Shandong, receives water 551 

from the Haihe River and the Huaihe River in addition to the Yellow River. Consequently, their 552 

dependence on water withdrawals from the Yellow River is are less than those upstream 553 

provinces in the upstream of the YRB. 554 

As this study only considers five major off-stream ecological replenishment areas, the 555 

proportion of ecological water withdrawal represents the smallest component of total water 556 

demand (1.6%) is the smallest water demand. The primary objective of ecological water 557 

replenishment is to maintain the health of wetland environments rather than to achieve 558 

maximum economic benefit, therefore environmental water use has beenis enforced artificially 559 

through laws or regulations (Zhu and Sun, 2025). 560 



30 

 

Dry Normal Wet
0

100

200

300

400

500

600
 GW   SW   TOT   SWR

1
0

8
 m

3

 561 

Fig. 4. Water supply by hydrological year type in the entire YRB (108 m3). GW = groundwater withdrawal; 562 

SW = surface water withdrawal; TOT = GW + SW; SWR = natural surface runoff.  563 
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Fig. 5. Water withdrawal by water demand sectors and locations (108 m3). U = upstream region; M = 565 

middle-stream region; D = downstream region; YRB = the Yellow River Basin. 566 

4.2 Demand Sector Behaviors 567 

4.2.1 Irrigation and crop cultivation 568 

For different hydrologic scenarios, the absolute plantingharvested area expands with 569 
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improved water availability (Fig. 6), underscoring a positive correlation between water 570 

availability and land use. In wet years, grain crops have the largest expansion (330,000 hectares), 571 

while oil crops, vegetables, and commercial cash crops have comparatively smaller increases, 572 

reflecting constraints on total arable land availability and agricultural infrastructure associated 573 

with crop patterns. However, the optimal cropping pattern of area shares across the entire basin 574 

shows relatively small variations (Fig. S3). Grain crops consistently occupy the largest share of 575 

the total cropping planting area, maintaining a highly stable proportion regardless of hydrologic 576 

conditions. , which reflects theirThe cultivation prioritization in of grain crop cultivation 577 

ensuringes the security and resilience of food supply system. The shares of other crops increase 578 

in water-scarce conditions, suggesting farmers’ willingness to cultivate drought-resistant or 579 

high-value crops to maximize revenues with limited water. However, their overall share of non-580 

grain crops remains small, exerting negligible impacts on the basin-wide cropping structure.  581 

Table 3 shows the water productivity (WP, defined as crop production per unit of water) 582 

of major crops by different locations and hydrological year types in the YRB, derived using the 583 

model results. The WP values differ significantly across crops. Vegetables have substantially 584 

higher WP than other crops, primarily from their effective efficient water use for biomass 585 

accumulation and higher crop prices. Cotton In contrast, cotton and rice have lower WP, 586 

reflecting their higher water requirements. Particularly, under drought conditions, the WP of 587 

rice is only 1.5% that of vegetables. 588 

WP increases with improved water availability for most crops, indicating that sufficient 589 

water supply enhances crop growth and thereby increases crop yields. Notably, rice as a water-590 

intensive crop, exhibits minimal WP variation between dry and normal years, whereas its WP 591 
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doubles in wet years.but surges 100% in wet years, This response is associated with rice’s high 592 

sensitivity of stomatal conductance to water stress, as its photosynthetic rate increases by more 593 

than 40% when soil moisture exceeds 70% of field capacity directly linked to its stomatal 594 

conductance sensitivity to water stress—when soil moisture exceeds 70% of field capacity, rice 595 

photosynthetic rates can increase more than 40% (Bouman et al., 2007). 596 

The behaviors of WP of each crop varies spatially by under different hydrologic conditions 597 

varies spatially. For instance, cotton’s WP in downstream regions increases by 158% in wet 598 

years compared to dry years, whereas the corresponding increase in upstream regions show 599 

only ais only 32% increase. This difference stems from the synergistic effects of the North 600 

China Plain’s favorable soil and hydrothermal conditions, along with the implementation of 601 

water-saving irrigation systems in the that region. Additionally, this spatial sensitivity is driven 602 

by the “dual dependence” of downstream irrigation on both local precipitation and water 603 

availability from upstream regions, making downstream WP more sensitive to hydrologic 604 

variability. 605 
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Fig. 6. Harvested area (104 ha) by crop and hydrological year type. 607 
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Table 3. Crop water productivity by location and hydrological year type (kg/m3). 608 

Crop Type Location Dry Normal Wet 

Wheat 

U 0.73 0.73 0.74 

M 0.81 0.94 0.93 

D 0.76 1.00 1.05 

YRB 0.77 0.95 0.98 

Rice 

U 0.08 0.11 0.20 

M 0.10 0.10 0.19 

D 0.12 0.12 0.19 

YRB 0.10 0.11 0.20 

Maize 

U 0.56 0.64 0.68 

M 0.85 1.21 2.55 

D 1.01 2.69 13.68 

YRB 0.81 1.35 2.39 

Potato 

U 1.69 1.84 1.93 

M 2.15 2.37 2.60 

D 2.61 6.57 5.18 

YRB 1.89 2.06 2.21 

Cotton 

U 0.26 0.30 0.35 

M 0.41 0.57 0.96 

D 0.44 0.68 1.15 

YRB 0.44 0.66 1.10 

Vegetable 

U 6.88 7.25 7.54 

M 6.33 6.79 8.35 

D 6.36 7.26 10.49 

YRB 6.47 7.02 8.51 

4.2.2 Urban Water Use Structure 609 

Fig.Figure 7 shows provincial variations in sectoral water use structure within the basin. 610 

Provinces in the middle and lower reaches of the Yellow River display higher proportions of 611 

industrial and domestic water uses than those in the upper reaches. Particularly, Shanxi 612 

demonstrates has a distinct water use pattern, with a relatively low irrigation share (35%) and 613 

significantly higher industrial (28%) and domestic (37%) uses compared with other provinces. 614 

This structure is largely driven by the dominance ofIndustrial water demand in Shanxi is 615 

dominated by water-intensive industries such as coal mining and metallurgy (Wang, 2023), 616 

which account for a substantial portion of industrial water demand in Shanxithereby elevating 617 

its industrial water use level. Shandong and Henan, with advanced industrial systems, prioritize 618 
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urban and industrial water allocation through stringent policies that constrain agricultural water 619 

quotas (Lyu et al., 2022; Yin and Yi, 2016; Yu, 2023). Concurrently, higher urbanization rate 620 

and population density in the middle and lower reaches result in higher domestic water demand, 621 

contrasting sharply with the sparsely populated upstream areas (Fig. S4). In contrast, in 622 

upstream regions (Qinghai, Gansu, Ningxia, and Inner Mongolia), the agricultural sector plays 623 

a more important role in provincial economic development, and irrigation requirement is 624 

generally high due to the semi-arid and arid climate there.  625 

Compared to irrigation, urban water uses tend to vary less in response to climatic and 626 

hydrologic fluctuations. During Under water shortagesscarcity, water is allocated based on their 627 

respective economic values of competing water use, provided all constraints regarding water 628 

allocation in the model are met. As a result, The agricultural sector faces greater pressure to 629 

adapt when water availability declines. Thus, as hydroclimatic changes intensify, diminishing 630 

water supplies will exacerbate competitions for water between among sectors and regions. 631 
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 632 

Fig. 7. Water use proportion (%) by sector and province. 633 
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4.2.3 Reservoir Operation 634 

Fig.Figure 8 compares the Longyangxia Reservoir (LYX) annual storage change with 635 

reservoir its inflow from 1996 to 2015. A proportional relationship between runoff reservoir 636 

inflow and storage shows that the reservoir released releases water in dry years with low inflow 637 

and stored stores water in wet years with high inflow. As the only reservoir on the Yellow River 638 

with multi-year regulation capability, LYX is critical for inter- and intra-annual regulation, 639 

thereby improving water security, protecting ecological health within and outside the river 640 

channel, and meeting water demands for basin-wide economic and social development in the 641 

entire basin. Given the substantial inter-annual variability in the streamflow and the frequent 642 

occurrence of consecutive dry years (e.g., 2000-2002), having moreadditional multi-year 643 

regulation reservoirs would benefit the YRB. However, constructing such reservoirs in the 644 

middle and lower reaches of the Yellow River is highly challenging due to the lack of suitable 645 

dam sites and the high sediment concentration., but it is highly challenging to build such 646 

reservoirs on the middle and lower reaches of the Yellow River due to lack of suitable dam sites 647 

and high sediment concentration. 648 
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Fig. 8. Longyangxia reservoir (LYX) annual storage change and inflow from 1996 to 2015 (108 m3).  650 

Table 4 summarizes the frequencies of full/empty storage (i.e., the upper/lower bound of 651 

active storage) reservoir storage full/empty (i.e., the upper/lower bound of active storage) 652 

occurring with for the major cascade reservoirs in the YRB during 1996–-2015. LYX, with a 653 

total storage capacity of 24.7 billion m3, was is designed for prolonged drought mitigation, and 654 

therefore it rarely reached reaches full or empty storage levels except in exceptionally wet or 655 

dry years. LiuJX, with about 23% of the LYX’s storage capacity, serves as a primary peak-656 

shaving power station in the northwestern power grid of China and was is full several times 657 

every year in the study period, which was is likely driven by electric power generation 658 

requirements. WJZ showed shows high frequencies of being completely empty or full, due to 659 

its limited regulating storage capacity (896 million m³), which is only 3.6% of LYX’s capacity.  660 

The role of the reservoir is to, and its role in regulate regulating water diversion from the Yellow 661 

River to Shanxi Province. SMX and XLD never reached full capacity, because of their key 662 
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functions of flood control and sediment flushing, which require strict water-level management 663 

to preserve adequate flood regulation space and to flush sediment out of the reservoir via 664 

generated “artificial floods” to downstream (Wu et al., 2021). To mitigate flood risks in the 665 

lower reaches of the Yellow River, SMX is often preemptively drawn down during the flood 666 

season to accommodate potential flood peaks.  667 

During 2000–-2005, the all five reservoirs experienced varying levels degrees of empty 668 

storage, due toas consecutive dry years leading to reducedreduce basin-wide water availability. 669 

These full–-empty storage occurrences with the cascade reservoirsare closely associated with 670 

inter-annual variations in reservoir inflowsinflow variability, multi-objective operational 671 

requirements (flood control, water supply, sediment transport, and ecological protection), and 672 

the joint operation of these cascade reservoirs. The interplay between inflow variability and 673 

operational priorities necessitates a dynamic approach for reservoir scheduling to ensure water 674 

resource utilization while mitigating flood risks., highlighting the need for dynamic reservoir 675 

scheduling to balance water use and flood risk mitigation.676 

677 
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Table 4. The frequency of full () and empty () storage capacity in the cascade reservoirs from 1996 to 2015. The numbers in parentheses indicate the monthly occurrences 678 

of reservoir emptying or filling in the given year. 679 

Reservoir 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 

LYX       (1)       (4)   (3)       (2)     (2) (1)   (1) 

LiuJX (5)  (4)  (4) (4) (5)  (6) (6) 
(3) 

(2) 
(2) (2) (4) (1) (4) (2) (2) (3) (2) 

(4) 

(1) 

(3) 

(1) 
(6) 

WJZ 
(3) 

(4) 

(4) 

(5) 

(2) 

(3) 

(5) 

(3) 

(3) 

(5) 

(5) 

(5) 

(3) 

(4) 

(1) 

(6) 

(4) 

(4) 

(2) 

(4) 

(2) 

(4) 

(2) 

(5) 

(4) 

(4) 

(2) 

(8) 

(3) 

(7) 

(6) 

(5) 

(4) 

(5) 

(3) 

(6) 

(5) 

(3) 

(3) 

(5) 

SMX (4) (4) (4) (3) (3) (5) (4) (3) (3) (3) (4) (3) (4) (5) (4) (4) (4) (4) (3) (3) 

XLD (2)     (1) (1)   (2) (3) (2) (2) (2)       (3) (1)   (2)   (2) 

680 
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4.3 Economic Welfare 681 

Table 5 presents the economic benefits and costs by water water-use sectors under dry, 682 

normal and wetvarious hydrologic conditions. The majority of the economic benefits are from 683 

agricultural production, with revenues for an average value of 78.54 billion yuan, consistent 684 

with its dominant role in basin water use.which aligns with the fact that agriculture is the largest 685 

water users in the basin Benefits from domestic water use remain relatively stable across 686 

different climatic and hydrologic conditions due to its low price elasticity and stable water 687 

demand. Industrial benefits, Howeverhowever, due to its higher price elasticity, industrial 688 

benefits are more sensitive to reductions in water availability due to higher price elasticity. 689 

Hydropower generation benefits are depend directly related to theon natural runoff, and 690 

consequently vary more with water variability.  691 

Net benefit is calculated by the difference between total benefits and costs (Fig. 9). For a 692 

wetter hydrology case, total benefit (176.54 billion yuan), cost (18.51 billion yuan), and net 693 

benefit (158.04 billion yuan) are higher than those in dry years, consistent with thereflecting 694 

higher water availability and larger water withdrawals in the basin. The Nevertheless, the 695 

relatively small difference in net benefits across hydrologic years is attributed to several 696 

synergistic mechanisms: (1) As the dominant component of total benefits, agricultural revenue 697 

is stabilized through a minimum cultivated area constraint in the optimization model. This 698 

policy, which prevents excessive land fallowing while maintaining regional cropping patterns. 699 

Although grain crop cultivationareas expand preferentially during in wet years, their limited 700 

contribution to total agricultural revenue persists due to low commodity prices; . (2) Due to the 701 

prioritization of guaranteed water use in for domestic and industrial sectors, urban water use 702 
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shows only modest variationvaries little across water years and small reduction of water 703 

consumption under water scarcity, with, resulting in stable net benefits from industrial and 704 

domesticthese sectors even under water scarcity; . (3) Although hydropower benefit fluctuates 705 

significantly with water availability (Fig. S5), the small share of total benefits minimizes its 706 

overall impact; . (4) The cascade reservoir system along the mainstream, particularly the 707 

Longyangxia ReservoirYX with its multi-year regulation capacity, enables inter-annual water 708 

reallocation. This infrastructure stores sSurplus water is stored during wet years and releases 709 

released strategic reserves during droughts, effectively decoupling water availability from 710 

sectoral demands. The Overall, the HEM optimization framework demonstrates robust benefit 711 

stabilization of economic benefits, maintaining total net benefit fluctuations across all 712 

hydrologic scenarios. 713 

Table 5. Economic benefits and costs by water demand sectors under different hydrological year types 714 

(billion yuan). 715 

 

Sector Dry Normal Wet Average 

Benefit 

Agricultural 73.49 78.60 85.48 78.54 

Domestic 59.39 59.62 59.97 59.49 

Hydropower 5.45 4.87 6.53 6.31 

Industrial 23.29 23.93 24.57 23.85 

Sum 161.61 167.02 176.54 168.20 

Cost 

PMP 16.78 16.96 18.32 17.21 

Pumping 0.06 0.05 0.02 0.07 

Resource 0.28 0.21 0.17 0.25 

Sum 17.13 17.22 18.51 17.32 

 716 
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Fig. 9. Benefits and costs by dry, normal and wet hydrologic cases (billion yuan). 718 

 719 

4.4 Marginal Values 720 

Marginal values (or equally shadow prices) offer decision-makers and water stakeholders’ 721 

essential insights by quantifying the value of additional water and reflecting the degree of water 722 

scarcity. Fig.Figure 10 presents shadow prices across for various demand sectors and under 723 

different hydrologic conditions. For a given hydrological year type, the marginal value 724 

represents the economic gain (or cost reduction), in expected value, for one additional unit of 725 

water available in that month for the irrigation, urban use, and ecological replenishment sectors, 726 

and annually for reservoirs. When water scarcity intensifies, shadow prices are higher. In this 727 

study, marginal values of water are determined based on the total water withdrawals at the 728 

demand sites. 729 
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Fig. 10. Marginal values of water by water demand sectors under dry, normal and wet hydrologic 732 

conditions (yuan/m³) in different parts of the YRB. IRR = irrigation district; CTY = city; ECO = off-733 

stream ecological replenishment area; RES = reservoir. See Table 1 for detailed node interpretation. 734 

Irrigation: Marginal values appear only in months when irrigation demand exists in the relevant 735 

corresponding irrigation district. NX and HT upstream, WH in the middle reaches, and SD 736 

downstream are selected as representatives of each region. Compared to wet years, the shadow 737 
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prices in these major irrigation districts rise sharply in dry years, suggesting that reduced Yellow 738 

River water supply exacerbates shortages of irrigation water and reduces agricultural revenues. 739 

In the downstream, the shadow price of SD remains at zero in under wet conditions, indicating 740 

farmers’ unwillingness to pay for additional delivered water since additional water supply will 741 

does not increase additional returns. 742 

Urban use: The mMarginal values of urban water use in three representative cities—, EEDS 743 

(upper region), XA (middle region), and DY (lower region)—, reflect their varying dependence 744 

on the Yellow River as a primary water source. Higher marginal values under water scarcity 745 

indicate greater stress on urban water supply. From dry to wet years, shadow prices decrease 746 

by 77.3% in EEDS and 33.3% in XA, while DY shows a larger decline of 81.6%, highlighting 747 

its greater sensitivity to hydrologic variability. In dry years, an additional unit of water supply 748 

provides substantially higher benefits to urban activities in DY, consistent with its industrial-749 

dominated economic structure.The higher marginal values during water shortages highlights 750 

that water stress produces more difficulty in delivering water. Comparing to EEDS and XA with 751 

the reduction of 77.3% and 33.3% in shadow prices from dry years to wet years, DY 752 

demonstrates a more pronounced decline of 81.6%. Increasing water supply by one additional 753 

unit significantly increases benefits to urban activities in DY in dry years, coinciding with its 754 

industrial-dominated economic structure. 755 

Ecological replenishment: WLSH and YRD, as main off-stream ecological replenishment 756 

areas, are excluded from directly achieving economic value objectives. However, water 757 

replenished to these areas indirectly affects available water supply and related economic 758 

benefits from for other water-use sectors. The negative sign means that using an additional unit 759 
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of water for environmental protection reduces total (urban, agriculture, and hydropower) 760 

economic benefits. The absolute values of these shadow prices are high in dry years due to 761 

prioritization of high-value economic sectors, but decline in wet years as increased water 762 

availability allows more water to be allocated to less economically productive uses.As water 763 

scarcity prioritizes water resources allocation for economically high-value production sectors, 764 

the absolute values of shadow prices are large in dry years. However, in wet years, the absolute 765 

values of shadow prices decrease as water availability allows for expanded use for less 766 

economically productive uses.  767 

Reservoirs: The mMarginal values of reservoirs refers to the benefits of increasing one 768 

additional unit of maximum reservoir storage capacity by one additional unit of water, related 769 

to both generating hydropower and meeting downstream water uses and requirements. During 770 

dry years, LiuJX, as thea large-capacity reservoir and major hydropower station on the main 771 

stem, shows lower marginal values compared tothan smaller reservoirs such as QTX and WJZ, 772 

reflecting both the limited contribution of additional water storage to power generation and 773 

satisfying water requirements in surrounding areasthe satisfaction of local water demands. QTX 774 

primarily serves to supports irrigation in the surrounding irrigation districts, while WJZ 775 

additionally diverts water from the Yellow River to Shanxi Province through the water transfer 776 

project. Both reservoirs alleviate water shortages for maintaining requirements of water-777 

consuming sectors, as demonstrated by their high marginal values. Higher values for the smaller 778 

reservoirs may be associated with more frequent refilling and might occur because these 779 

reservoirs can likely refill more often and might produce greater hydropower head per unit of 780 

additional storage (Table 4). These marginal values must should ultimately be compared with 781 
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the costs of expanding these reservoir capacities, where as different sites can very vary different 782 

economies or diseconomies of scale in construction. 783 
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 785 

Fig. 11. Spatial dynamics of (a) mainstream flow (108 m3), (b) accumulated cumulative withdrawals (108 786 

m3), and (c) marginal values of water (yuan/m3) along the Yellow River in a typical dry year.  787 
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Fig.Figure 11 illustrates the spatial variations in streamflow (Fig. 11a), accumulated 788 

cumulative withdrawals (Fig. 11b), and marginal values of water (Fig. 11c) along the main stem 789 

of the Yellow River during a representative dry year. The coincidence co-occurrence of 790 

decreasing flow, increasing withdrawals, and rising marginal values highlights the 791 

intensification of water scarcity from upstream to downstream. Upstream regions, where flow 792 

remains relatively high, have low marginal values due to adequate water supply. However, 793 

cumulative withdrawals substantially reduce available water along the mainstem,as 794 

withdrawals accumulate, water availability is reduced, driving an increasedincreasing the 795 

economic value of water. The sharpest most pronounced marginal value peaks correspond 796 

tooccur in regions lacking with limited alternative water sources and/or with high-intensive 797 

production activities, such as NA relying solely on the Yellow River for irrigation, WNA 798 

depending on the Weihe River for industrial and domestic use but facing competition from its 799 

upstream cities and irrigation areasusers, and SD with extensive irrigation irrigated areas but 800 

very limited water availability near the estuary. 801 

Several factors affect marginal value spatial dynamics. First, intensive agricultural 802 

withdrawals deplete reduce local water availability, increasing the value of making additional 803 

units of water more valuable for sustaining crop yields. Second, growing industrial and urban 804 

water demands enhance intensify water use competition, particularly in downstream cities with 805 

growing expanding populations and economic activities. Finally, institutional water allocation 806 

constraints, including inter-basin transfer regulations and environmental flow requirements, 807 

further restrict access to water, amplifying marginal values. 808 
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The strong correlation between withdrawal amount and marginal value underscores the 809 

need for targeted conservation and allocation strategies. Enhancing Improving irrigation 810 

efficiency, optimizing industrial water use, and refining allocation mechanisms can mitigate 811 

excessive withdrawals and alleviate pressure on downstream users. Furthermore, market-based 812 

approaches such as water pricing and trading could facilitate more efficient allocation, ensuring 813 

supporting sustainable water management in scarcity-pronewater-scarce areas (Ringler et al., 814 

2010; Trail and Ward, 2024; Zhao et al., 2023). 815 

5. Discussion 816 

5.1 Implications 817 

Our results have some key implications for improving water management flexibility and 818 

water use efficiency. 819 

Spatiotemporal water supply variations (Fig. 5) across the basin highlight opportunities 820 

for more adaptive water management that can serve as a reference for planners to make better 821 

decisions to meet demand requirements. As irrigation water use occupies 74% of the total 822 

basin’s total water use, improvements ining irrigation water-use efficiency is critical. 823 

Furthermore, to mitigate the impacts of water shortages that may lead to fallow land or shifts 824 

in cropping patterns, comprehensive reforms in agricultural water pricing and reward 825 

mechanisms for water conservation are essential. Additionally, most crops experience yield 826 

reductions under water-deficient conditions, while drought-resistant crops maintain relatively 827 

high productivity levels (Table 3). Increasing Expanding the cultivation of low- water-828 

consuming and drought-resistant crops, together with improvements in crop varieties through 829 

genetic enhancement, and improving genetically engineered plants with high quality and 830 
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quantity, can help ensure stabilize agricultural production stability under increasing water stress.  831 

For industrial activities, water withdrawal in midstream and downstream cities accounts 832 

for 74.9% of total industrial water usage use across the basin (Fig. S4), with heavy industries 833 

dominating in these regions. Efforts should focus on maximizing the potential for water-saving 834 

by accelerating the adoption of advanced water-saving technologies and equipment. Priority 835 

should be given to water-saving measures in high water-consuming industries such as energy, 836 

chemical manufacturing, and construction materials production, as well as to improving 837 

technologies for the reuse of urban wastewater reuse technologies, ensuring both efficiency 838 

gains and reduced water demand. 839 

Addressing the threat risk of severe water scarcity with consecutive dry-year conditions 840 

requires careful consideration of adaptive reservoir management strategies, particular attention 841 

should be paid to setting hedging rules for operating multi-year reservoirs to ensure the 842 

reliability of water supply planning. In particular, appropriate hedging rules for multi-year 843 

reservoir operation are essential to improve the reliability of long-term water supply planning. 844 

In While optimization models often assume, the assumption of perfect hydrologic foresight—845 

while practical for computational convenience—, such assumption does not align with real-846 

world conditions. Reservoirs may perform storage and release operationsoperate based on 847 

“foreseen” future conditions that do not exist, leading to suboptimal storage and release 848 

decisions. Consequently, the analysis on carryover storage of multi-year regulating reservoirs, 849 

such as the Longyangxia ReservoirLYX, is important to provide a physical buffer against 850 

hydrologic and demand uncertainties and for reducing reliance on unrealistic modeling 851 

assumptions. 852 
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Based on the spatial and temporal variability in the varying marginal values of water 853 

during different water years and across various water use hydrologic conditions, sectors and 854 

locations (Fig. 10 and Fig. 11), economically-oriented water transfers and water rights trading 855 

can enhance reallocation of water resources. During dry years, downstream water use sectors 856 

shows higher marginal values for of water, indicating that transferring surplus water from upper 857 

to middle and lower reaches via water markets or other negotiated agreements could achieve 858 

generate greater economic benefits and, foster inter-regional win-win outcomes, and mitigate 859 

water shortages in water-stressed areasstress. Multi-purpose Reservoirs reservoirs, such as the 860 

Qingtongxia reservoir exemplify a multi-purpose water management systemplay a key role in 861 

this process. Its Their high marginal values underscores the significant economic and social 862 

benefits generated by each unit of water in meeting diverse objectives, including hydropower 863 

generation, flood control, and water supply. However, the reservoir’s current storage capacity 864 

capacities and regulation capabilities appear are insufficient to fully meet growing demands. 865 

Targeted investments in additional storage infrastructure or inter-basin water transfer projects 866 

could therefore enhance system resilience and improve overall water resource utilizationTo 867 

alleviate the pressure, investments in new storage infrastructure or inter-basin water transfer 868 

projects could enhance the system’s resilience and optimize water resource utilization. 869 

5.2 Limitations and Future Developments 870 

The HEM developed in this study involves several simplifying assumptions. First, water 871 

allocation in the model is driven exclusively by the basin-wide economic objective as long as 872 

the constraints are met. However, in the real-world applications, water management is guided 873 

by broader criteria, including water supply reliability, environmental performance (Kahil et al., 874 
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2018), and political considerations. Second, representing basin components using a node-arc 875 

network, despite its convenience for modeling, assumes a representative water user at each 876 

demand node, thus ignoring the heterogeneities in sizescales, technologies, productivity and 877 

user preferences across different users within each demand area. At the node level, the model 878 

simulates the exchange and allocation of flows between nodes but does not capture detailed 879 

local dynamic feedbacks, such as interactions between groundwater aquifers and surface water 880 

systems. For the time scale, the monthly time step adopted in the model run limits the 881 

representation of short-term hydrological extremes, such as flood peaks, reflecting the HEM’s 882 

focus on basin-scale water allocation rather than event-scale dynamics. Besides, the model 883 

broadly classifies water use into four sectors, : irrigation, urban (industrial and domestic) use, 884 

hydropower, and ecology. Livestock and forestry within agriculture, light industry, individual 885 

household water use behavior, or the functions of local ecological protection and aquaculture 886 

associated with reservoirs are omitted. Including these water users can improve the assessment 887 

of water competition among sectors and guide efficient allocation on a broader sectoral scale. 888 

Lastly, the model assumes that the river basin management authority has full control over all 889 

water-use sectors, possesses comprehensive access to and management of information from 890 

both the supply and demand sides, and can respond promptly to any changes or adjustments 891 

within the system. Under these assumptionsAccordingly, the management authority is 892 

conceptualized as an efficient decision-making entity capable of integrating information, 893 

optimizing resource allocation, and dynamically regulating operations. Consistent with this 894 

basin-level perspective, the model emphasizes coordinated allocation at the basin scale and 895 

therefore does not fully represent decentralized decision-making mechanisms operating at the 896 
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provincial level. Thus, the model provides an idealized solution (rather than a directly 897 

implementable solution) including precise policy evaluation and strategy optimization that the 898 

basin authority can achieve if the flow of information and feedback within a complex water 899 

resource system can be followed. Nevertheless, idealized solutions provide insights and 900 

directions for policy and management improvements, they are not suitable for real-time 901 

scheduling and daily operational management, and face significant limitations at micro-level 902 

applications such as individual water users. 903 

Another limitation of this study is the deficiency in information and data. Due to the lack 904 

of reliable biophysical and economic data, this study does not fully account for important local 905 

processes, impacts on water quality, interaction between surface water and groundwater, and 906 

changes groundwater over-extraction, and potential increases in the cost of water supply over 907 

time, etc., are not fully represented. Especially, Data data acquisition presents significant 908 

challenges, such as limited data sharing among institutions and concerns over confidentiality, 909 

which restrict access to comprehensive datasets and affect the validation of the basin-wide 910 

model. Data from different sources have dMoreover, discrepancies in temporal and spatial 911 

resolution across data sources, complicating complicate their data integration. Even after 912 

extensive processing to ensure data usability, variability in numerical scales across datasets, 913 

combined with uncertainties from natural variability and measurement errors, poses difficulties 914 

in assessing the reliability of model outputs (Cai, 2008a).  915 

Climatic water stress, population growth, and increasing concerns over regional water 916 

sharing and equity within many arid and semi-arid watersheds basins highlight the significance 917 

of designing models and mechanismsthat can adapted to both natural change and socio-918 
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economic development. Future research should prioritize sustainable water use with under 919 

long-term climate change and increasing extreme climateevents conditions, with greater 920 

emphasis on incorporating stochastic optimization or scenario-based analysis to explore future 921 

climate and socioeconomic pathways. It is also vital to consider large-scale infrastructure 922 

projects under construction or in preparationplanning, including the western route of the South-923 

North Water Transfer Project, which is directly related to understanding andto support 924 

evaluation of investment feasibility and future economic benefits. Finally, including future 925 

model development should more explicitly represent conjunctive use of surface water, 926 

groundwater and other unconventional sources is of great relevance, especially given the 927 

unreliability of relying on a single source and the derivative risks from groundwater over-928 

exploitation. 929 

6. Conclusions 930 

This study developed develops a hydroeconomic optimization model that integrates 931 

surface and groundwater hydrology, water infrastructure, and sector-specific water demands 932 

across a large basin into a coherent analytical framework to assess the spatiotemporal variations 933 

of water availability and water value in a large basin. The model adopts a PMP calibration 934 

method to suggest an optimal water allocation plan in which the optimized baseline conditions 935 

are consistent with data observed data in term offor irrigated areas, reservoir storage levels, and 936 

city water supplies across the basin, allowing to identify identification the of impacts of from 937 

any new changes in policies and operational rules on water allocation and benefits at the basin 938 

scale. The model provides a framework for understanding thecaptures trade-offs among 939 

competing water uses including agricultural production, industrial and domestic activities, 940 
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domestic consumption, and ecological requirements, and offers quantitative support for 941 

decision-making at the basin scale for the river basin management authoritybasin-wide water 942 

management decisions. 943 

The hydroeconomic modelHEM was is applied to the Yellow River basinYRB in China, a 944 

large basin with pressing water security issues and a centralized basin authority (YRCC) to 945 

coordinate basin-wide management activities. By investigating the supply-demand dynamics 946 

in the basin under different hydrologic scenariosconditions, the results indicate that: 947 

(1) Meeting water demands of the various sectors with reliability,— without major economic 948 

losses or compromising critical ecological requirements—, depends heavily on coordinated 949 

reservoir operations and extraction of groundwater extraction, particularly during dry 950 

seasons or severe droughts.  951 

(2) Agriculture Agricultural water use has significant spatial and climatic vulnerabilities. 952 

Regions Arid regions constrained by aridity face heightened water stress, which therefore 953 

need technological advances to enhance irrigation efficiency. The model identifies 954 

cDifferences in crop-specific water productivity differentials identified by the model, 955 

revealing reveal opportunities to prioritize drought-resilient cultivars and high-value crops. 956 

Such strategic shiftsadjustments could reduce irrigation demand without compromising 957 

yield stability, offering a path to decouple agricultural growth production from water-958 

intensive practices. 959 

(3) Multi-year regulating reservoirs are pivotal in mitigating interannual hydrologic variability, 960 

especially prolonged droughts. By redistributing  by reallocating water surpluses from wet 961 

to dry years , it and bufferings against consecutive drought years. An aAnalysis of the 962 
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storage full-empty cycles of the LYX of multi-year regulating reservoirs shows that aits 963 

relatively low frequency of full or empty storage, implying that the reservoirits capacity is 964 

sufficiently large to regulate extremely high and low flows, provided that and it is important 965 

to maintain the active inter-year regulation capacity is maintained. 966 

(4) Marginal value analysis highlights stark contrastsheterogeneity in water scarcity across 967 

sectors and regions. During periods of water scarcity, allocation priorities favoring urban-968 

industrial and domestic usessectors for as their higher water economic values often lead to 969 

undersupply of ecological flows deficits and destabilization ofed agricultural systems, 970 

thereby increasing long-term sustainability creating systemic risks for long-term basin 971 

sustainability. This tension These trade-offs necessitates adaptive allocation mechanisms 972 

that balance efficiency with equity, such as tiered pricing for high-value sectors uses and 973 

compensatory frameworks schemes for environmental and subsistence needs. 974 

Beyond the YRB, this study offers transferable modeling methods and insights for 975 

governance of other large river basins confronting scarcity and competition. The combination 976 

of the node-link representation, PMP calibration, and an integrated hydroeconomic model 977 

formulation provides a structured basis for evaluating basin-wide allocation strategies under 978 

diverse policy and hydrologic conditions. However, accomplishing such analyses in practice, 979 

depends on specific institutional settings. In the YRB, a strong centralized basin authority 980 

facilitates water governance. In more decentralized or collaborative settings, comparable 981 

outcomes may require stronger coordination mechanisms, legal alignment, stakeholder 982 

negotiation, or market institutions. Thus, while the modeling framework is broadly applicable, 983 

its operational deployment must be adapted to local governance contexts.a replicable method 984 
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for basins confronting scarcity and competition, where unified or coordinated basin-wide water 985 

resource management is essential. Additionally, the approach to coordinating water allocation 986 

across provinces provides valuable insights for managing transboundary or multi-regional 987 

basins, aiding in conflict resolution and promoting sustainable development. 988 

While the model shows its usefulness as a planning tool for large basin the authority of a 989 

large basinies, it is formulated with water demand of aggregated sectors without considering 990 

intra-sectoral heterogeneity. Given its focus on large-scale dynamics, the model lacks precision 991 

to capture technical variations, water-use efficiencies, or behavioral preferences of individual 992 

users. Additionally, its emphasis on long-term planning and strategic analysis limits its 993 

applicability for real-time scheduling. Nevertheless, by adopting a macroscopic perspective, 994 

the model provides valuable support to decision-makerseffectively in identifyingies critical 995 

system-level bottlenecks and devising supports the development of sustainable strategies for 996 

addressing complex water resources allocation and management challenges in a large and 997 

complex basinmanaging complex water allocation challenges. 998 

Future research should focus on incorporating additional dimensions such as climate 999 

change impacts, water markets and exchanges, conjunctive use of surface water and 1000 

groundwater, and inclusion of unconventional water sources in the water supply portfolio, to 1001 

further enhance the model’s applicability. Additionally, addressing data limitationsimproving 1002 

data availability and integrating socio-political factors can improve the robustness of decision-1003 

making frameworks, providing more actionable insights for sustainable water resource 1004 

management in the YRB and similar arid basins worldwide. 1005 

Data Code and Data Availability 1006 
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Table S1. Key equations used in the YRB-HEM. 

Equations Variable Parameter Description 

Objective function 

𝑀𝑎𝑥 𝑍 = ∑ ∑ 𝐻𝑃𝑟,𝑡

𝑟𝑡

+ ∑ ∑ 𝐴𝐺𝑖,𝑦

𝑖𝑦

+ ∑ ∑ 𝑈𝑅𝑐,𝑦

𝑐𝑦

− ∑ ∑ 𝐶𝑜𝑠𝑡𝑃𝑀𝑃
𝑖,𝑦

𝑖𝑦

− ∑ ∑ 𝐶𝑜𝑠𝑡𝑃𝑢𝑚𝑝
𝑔,𝑡

− ∑ ∑ 𝐶𝑜𝑠𝑡𝑤𝑎𝑡𝑒𝑟
𝑑,𝑡

𝑑𝑡𝑔𝑡

 

𝑍 

𝐻𝑃𝑟,𝑡 

 

𝐴𝐺𝑖,𝑦 

 

𝑈𝑅𝑐,𝑦 

𝐶𝑜𝑠𝑡𝑃𝑀𝑃
𝑖,𝑦

 

𝐶𝑜𝑠𝑡𝑃𝑢𝑚𝑝
𝑔,𝑡

 

𝐶𝑜𝑠𝑡𝑤𝑎𝑡𝑒𝑟
𝑑,𝑡

 

 Objective function: total net benefit (million yuan) 

Hydropower revenue for reservoir 𝑟  in time period 𝑡  (million 

yuan/month) 

Irrigated crop production revenue on irrigation area 𝑖 in year 𝑦 

(million yuan/year) 

Urban water use benefit in city 𝑐 in year 𝑦 (million yuan/year) 

Crop production cost in irrigation area 𝑖  in year 𝑦  estimated 

using PMP approach (million yuan/year) 

Pumping cost from groundwater aquifer 𝑔  in time period 𝑡 

(million yuan/month) 

Water resource fees paid by water demand node 𝑑 in time period 

𝑡 (million yuan/month) 

Benefit 

𝐻𝑃𝑟,𝑡 = 𝑃𝑟,𝑡 ∙ 𝑝𝐻𝑃𝑟 ∙ 𝜑ℎ 

 

𝑃𝑟,𝑡 = 𝐾𝑟 ∙ 𝑄𝑇𝑡
𝑟 ∙ (𝐻𝑡

𝑟 − 𝑇𝑟) 

 

𝑃𝑟,𝑡 

𝑄𝑇𝑡
𝑟 

 

𝐻𝑡
𝑟 

𝜑ℎ 

 

 

 

 

𝑇𝑟 

𝑝𝐻𝑃𝑟 

𝐾𝑟 

Unit conversion factor 

Solved hydropower output (MW) 

Solved monthly average flow through hydroelectric hydropower 

turbine (MCM/month) 

Solved reservoir water table (m.a.s.l.) 

Tailwater elevation (m.a.s.l.) 

Price of electricity (yuan/kWh) 

Hydropower output coefficient, the product of hydropower 

generation efficiency, water density and gravitational acceleration 

(kg·m-2·s-2) 
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𝐴𝐺𝑖,𝑦 = ∑ 𝑅𝑌𝑐𝑝,𝑦
𝑖 ∙ 𝑌𝑚𝑎𝑥𝑐𝑝

𝑖 ∙ 𝐴𝑐𝑝,𝑦
𝑖 ∙ 𝑝𝐴𝐺𝑐𝑝

𝑐𝑝

∙ 𝜑𝑎 

 

𝑅𝑌𝑐𝑝,𝑦
𝑖  

 

𝐴𝑐𝑝,𝑦
𝑖  

 

𝑌𝑚𝑎𝑥𝑐𝑝
𝑖  

𝑝𝐴𝐺𝑐𝑝
 

𝜑𝑎 

Solved relative yield for crop 𝑐𝑝 at irrigated irrigation district 𝑖 

in year 𝑦 

Maximum yield (mt/ha) 

Harvested area (ha/year) 

Crop price (yuan/mt) 

Unit conversion factor 

𝑈𝑅𝑐,𝑦 = ∑ ∑ 𝐶𝑆𝑐
𝑘,𝑦

𝑘𝑐

+ ∑ ∑(𝑝𝑐
𝑘,𝑦

𝑘𝑐

− 𝑐𝑜𝑠𝑡𝑐
𝑘,𝑦

)𝑄𝑐
𝑘,𝑦

 

 

𝑝𝑐
𝑘,𝑦

= 𝛼𝑐
𝑘 − 𝛽𝑐

𝑘 ∙ 𝑄𝑐
𝑘,𝑦

 

 

𝐶𝑆𝑐
𝑘,𝑦

= ∫ (𝛼𝑐
𝑘 − 𝛽𝑐

𝑘 ∙ 𝑄𝑐
𝑘,𝑦

)𝑑𝑄 =
𝑝𝑚𝑎𝑥

𝑝𝑐
𝑘,𝑦

1

2
𝑄𝑐

𝑘,𝑦
(𝛼𝑐

𝑘 − 𝑝𝑐
𝑘,𝑦

) 

𝐶𝑆𝑐
𝑘,𝑦

 

 

𝑝𝑐
𝑘,𝑦

 

 

𝑄𝑐
𝑘,𝑦

 

 

 

 

𝑐𝑜𝑠𝑡𝑐
𝑘,𝑦

 

 

𝛼𝑐
𝑘, 𝛽𝑐

𝑘 

Consumer surplus for city 𝑐 and industrial or domestic water use 

activity 𝑘 (million yuan/year) 

Urban water tariff (yuan·m-3·year-1) 

Cost from suppliers providing water to users (yuan·m-3·year-1) 

Industrial or urban domestic water use (MCM/year) 

Intercept and the slope of the demand function 

Cost 

𝐶𝑜𝑠𝑡𝑃𝑢𝑚𝑝
𝑔,𝑡

=
𝜌𝐺

𝜂
∙ 𝐻𝑡

𝑔
∙ 𝑄𝑡

𝑔
∙ 𝑝𝐺𝑊 ∙ 𝜑𝑝 

 

 

 

𝐻𝑡
𝑔

 

 

𝑄𝑡
𝑔

 

 

𝜌 

𝐺 

𝜂 

 

 

 

𝑝𝐺𝑊 

𝜑𝑝 

Water density (kg/m3) 

Gravitational acceleration (9.81 m/s2) 

Pumping efficiency 

Solved pumping depth at groundwater aquifer 𝑔  (m/month), 

constrained by minimum allowable water-table level 

Solved groundwater withdrawal (MCM/month) 

Pumping cost (yuan/kWh) 

Unit conversion factor 

𝐶𝑜𝑠𝑡𝑃𝑀𝑃
𝑖,𝑦

= ∑(𝜇𝑐𝑝
𝑖 + 0.5𝜑𝑐𝑝

𝑖 ∙ 𝐴𝑐𝑝,𝑦
𝑖 )𝐴𝑐𝑝,𝑦

𝑖

𝑐𝑝

  𝜇𝑐𝑝
𝑖 , 𝜑𝑐𝑝

𝑖  Intercept and slope for crop 𝑐𝑝 in  at irrigated irrigation district 𝑖 
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𝐶𝑜𝑠𝑡𝑤𝑎𝑡𝑒𝑟
𝑑,𝑡 = ∑ 𝑐𝑜𝑠𝑡𝑠𝑢𝑟

𝑑 𝑐𝑜𝑠𝑡𝑠𝑢𝑟 ∙ 𝑄𝑠𝑢𝑟𝑡
𝑛𝑢,𝑑

𝑛𝑢

+ ∑ 𝑐𝑜𝑠𝑡𝑔𝑤
𝑑 𝑐𝑜𝑠𝑡𝑔𝑤 ∙ 𝑄𝑡

𝑔,𝑑

𝑔

 

 

 

𝑄𝑠𝑢𝑟𝑡
𝑛𝑢,𝑑 

𝑄𝑡
𝑔,𝑑

 

𝑐𝑜𝑠𝑡𝑠𝑢𝑟
𝑑 𝑐𝑜𝑠𝑡𝑠𝑢𝑟 

 

𝑐𝑜𝑠𝑡𝑔𝑤
𝑑 𝑐𝑜𝑠𝑡𝑔𝑤 

Surface water resources fees (yuan/m3) 

Groundwater water resources fees (yuan/m3) 

 

Solved total surface water used (MCM/month) 

 

Solved total groundwater used (MCM/month) 

Constraints 

Flow Balance 

𝑆𝑡
𝑛 − 𝑆𝑡−1

𝑛 = ∑ 𝑄𝑡
𝑛𝑢,𝑛

𝑛

− ∑ 𝑄𝑡
𝑛,𝑛𝑑

𝑛

 

 

𝑆𝑡
𝑛 

𝑄𝑡
𝑛𝑢,𝑛

 

𝑄𝑡
𝑛,𝑛𝑑

 

 

 

 

Storage of node 𝑛 at the end of period 𝑡 (MCM/month) 

Inflow from upstream node 𝑛𝑢 to node 𝑛 (MCM/month) 

Outflow from node 𝑛 to downstream node 𝑛𝑑 (MCM/month) 

Water Delivery 

𝑄𝑡
𝑑𝑛 = ∑ 𝑄𝑠𝑢𝑟𝑡

𝑛𝑢,𝑑𝑛

𝑛𝑢

+ ∑  𝑄𝑡
𝑔,𝑑𝑛

𝑔

 𝑄𝑡
𝑑𝑛 

𝑄𝑠𝑢𝑟𝑡
𝑛𝑢,𝑛 

 𝑄𝑡
𝑔,𝑛

 

 Total water delivery to node n (MCM/month) 

Surface water from upstream node 𝑛𝑢 to node 𝑛 (MCM/month) 

Groundwater from aquifer 𝑔 to node 𝑛 (MCM/month) 

Irrigation 

Water consumption 

𝑄𝑡
𝑖 ∙ 𝑒𝑖 = ∑ 𝐼𝑊𝐷𝑐𝑝,𝑡

𝑖 ∙ 𝐴𝑐𝑝,𝑦
𝑖 ∙ 𝜑𝑖

𝑐𝑝

 

Return flow 

𝑄𝑅𝐹𝑡
𝑖,𝑛𝑑 = 𝑄𝑡

𝑖 ∙ 𝐼𝑟
𝑖  

𝑄𝑡
𝑖 

 

𝐼𝑊𝐷𝑐𝑝,𝑡
𝑖  

𝑄𝑅𝐹𝑡
𝑖,𝑛𝑑 

 

𝑒𝑖 

 

𝜑𝑖 

 

𝐼𝑟
𝑖  

Irrigation water delivery (MCM/month) 

Irrigation efficiency 

Irrigation water demand requirement (mm/month) 

Unit conversion factor 

Irrigation return flow (MCM/month) 

Coefficient of irrigation return flow 

Water demand 

𝐼𝑊𝐷𝑐𝑝,𝑡
𝑖 = {

𝐸𝑇𝑐𝑐𝑝,𝑡
𝑖 − 𝑃𝑒𝑐𝑝,𝑡

𝑖 ,    𝐸𝑇𝑐𝑐𝑝,𝑡
𝑖 > 𝑃𝑒𝑐𝑝,𝑡

𝑖

0,                                𝐸𝑇𝑐𝑐𝑝,𝑡
𝑖 ≤ 𝑃𝑒𝑐𝑝,𝑡

𝑖
 

𝐸𝑇𝑐𝑐𝑝,𝑡
𝑖  

 

 

𝑃𝑒𝑐𝑝,𝑡
𝑖  

Potential crop evapotranspiration (mm/month) 

Effective precipitation (mm/month) 
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Crop evapotranspiration 

FAO: 

𝐸𝑇𝑐 = 𝑘𝑐 ∙ 𝐸𝑇0 ∙ 𝜑𝑐 

Priestly-Taylor: 

𝐸𝑇0 =  𝛼
∆

∆ + 𝛾
(𝑅𝑛 − 𝐺) 

 

𝐸𝑇0 

 

𝑘𝑐 

 

𝜑𝑐 

𝛼 

 

∆ 

𝛾 

𝑅𝑛 

𝐺 

Crop coefficient 

Reference-crop evapotranspiration (mm/day) 

Unit conversion factor 

Priestly-Taylor coefficient (default is 0.23 for surface covered with 

short reference crop) 

Gradient of saturated vapor pressure (kPa/℃) 

Psychrometric constant (kPa/℃) 

Net shortwave solar radiation (MJ·m-2·day-1) 

Ground heat flux (MJ·m-2·day-1) 

Actual evapotranspiration 

𝜃 ∙ 𝐸𝑇𝑐𝑐𝑝,𝑡
𝑖 ≤ 𝐸𝑇𝑎𝑐𝑝,𝑡

𝑖 ≤ 𝐸𝑇𝑐𝑐𝑝,𝑡
𝑖  

𝐸𝑇𝑎𝑐𝑝,𝑡
𝑖   

𝜃 

Actual crop evapotranspiration (mm/month) 

Minimum evapotranspiration factor 

Relative yield 

𝑅𝑌𝑐𝑝,𝑦
𝑖 = ∏ (

𝐸𝑇𝑎𝑐𝑝,𝑡
𝑖

𝐸𝑇𝑐𝑐𝑝,𝑡
𝑖

)

𝜆𝑐𝑝
𝑚𝑀

𝑚=1

 

 𝜆𝑐𝑝
𝑚  Sensitivity factor at growing stage 𝑚  of crop 𝑐𝑝 . The growing 

stage 𝑚 represents the order of months within the growing period 

of crop 𝑐𝑝 in irrigation area 𝑖, which is harvested in year 𝑦. 

Reservoir 

Evaporation 

𝐸𝑅𝑡
𝑟 = 𝐸𝑚𝑎𝑥𝑡

𝑟 ∙ 𝐴𝑡
𝑟 ∙ 𝜑𝑟 

𝐸𝑅𝑡
𝑟 

 

𝐴𝑡
𝑟 

 

𝐸𝑚𝑎𝑥𝑡
𝑟 

 

𝜑𝑟 

Solved reservoir evaporation (MCM/month) 

Open water evapotranspiration rate at reservoir 𝑟 (mm/month) 

Solved reservoir surface area (km2/month) 

Unit conversion factor 

Release 

∑ 𝑄𝑡
𝑟,𝑛𝑑

𝑟

= 𝑄𝑇𝑡
𝑟 + 𝑄𝑆𝑡

𝑟 

𝑄𝑇𝑡
𝑟 

 

𝑄𝑆𝑡
𝑟 

 Average flow rate through hydroelectric turbines in reservoir 𝑟 

(MCM/month) 

Reservoir spill (MCM/month) 

Elevation vs. storage 

𝐻𝑡
𝑟 = ℎ1

𝑟 + ℎ2
𝑟 ∙ (

𝑆𝑡
𝑟 + 𝑆𝑡−1

𝑛

2
)ℎ3

𝑟
 

 

 

 

ℎ1
𝑟, ℎ2

𝑟, ℎ3
𝑟
 

 

 

Reservoir water table curve coefficients (elevation vs. storage) 
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Area vs. storage 

𝐴𝑡
𝑟 = 𝑎1

𝑟 + 𝑎2
𝑟 ∙ (

𝑆𝑡
𝑟 + 𝑆𝑡−1

𝑟

2
)𝑎3

𝑟
 

 

 

𝑎1
𝑟, 𝑎2

𝑟, 𝑎3
𝑟 

 

 

 

Reservoir area curve coefficients (area vs. storage) 

Range control 

𝑆𝑑𝑒𝑎𝑑
𝑟 ≤ 𝑆𝑡

𝑟 ≤ 𝑆𝑚𝑎𝑥
𝑟,𝑡

 

𝑃𝑚𝑖𝑛
𝑟 ≤ 𝑃𝑟,𝑡 ≤ 𝑃𝑚𝑎𝑥

𝑟  

𝑄𝑡
𝑟,𝑛𝑑 ≥ 𝑄𝑐𝑜𝑛𝑡𝑟𝑜𝑙,𝑡

𝑟,𝑛𝑑
 

𝐻𝑡
𝑟 ≥ 𝐻𝑐𝑜𝑛𝑡𝑟𝑜𝑙,𝑡

𝑟  

 

 𝑆𝑑𝑒𝑎𝑑
𝑟 , 𝑆𝑚𝑎𝑥

𝑟,𝑡
 

 

𝑃𝑚𝑖𝑛
𝑟 , 𝑃𝑚𝑎𝑥

𝑟  

 

𝑄𝑐𝑜𝑛𝑡𝑟𝑜𝑙,𝑡
𝑟,𝑛𝑑

 

 

𝐻𝑐𝑜𝑛𝑡𝑟𝑜𝑙,𝑡
𝑟  

Dead storage (MCM) and allowable storage upper limit (MCM) 

for reservoir 𝑟  

Firm power and installed hydropower capacity at powerplant 𝑟 

(MW) 

Minimum reservoir release for ice flood control and sediment 

flushing requirements (MCM/month) 

Minimum reservoir water table for ice flood and sediment flushing 

requirements (m.a.s.l.) 

City 

Water use control 

𝐷𝑚𝑖𝑛
𝑘,𝑦

≤ 𝑄𝑐
𝑘,𝑦

≤ 𝐷𝑚𝑎𝑥
𝑘,𝑦

𝐷𝑐
𝑘,𝑦

 

 
𝐷𝑚𝑎𝑥𝑐

𝑘,𝑦𝑡
, 𝐷𝑚𝑖𝑛

𝑘,𝑦
 

Maximum and minimum industrial or municipal water demand 

(MCM/month) 

Ecosystem 

Replenishment control 

𝑄𝑚𝑖𝑛
𝑒,𝑡 ≤ 𝑄𝑡

𝑒 ≤ 𝑄𝑚𝑎𝑥
𝑒,𝑡

 

𝑄𝑡
𝑒  

𝑄𝑚𝑖𝑛
𝑒,𝑡

 

𝑄𝑚𝑎𝑥
𝑒,𝑡

 

Delivered ecosystem flow to wetland area 𝑒 (MCM/month) 

Ecosystem flow lower limit (MCM/month) 

Ecosystem flow upper limit (MCM/month) 

Notes: 

1. Node types: q-surface inflow; g-groundwater; r-reservoir; i-irrigation area; c-city; e-ecosystem; j-junction; s-sink; d-demand nodes; n-all nodesstorage, 

conveyance and junction. 

2. Year index value y can be determined using the time period value t (month sequence, t = 1, …, 240 in this study): y = int(ord(t - 1) / 12) + 1, where “int” is 

the floor function that rounds down a fractional number to its nearest integer, and “ord” means ordinal number. 

3. Units: MCM-million cubic meters; m.a.s.l.-meters above sea level. 
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Table S2-1 to S2-6 provide details of each type of nodes, and related location information.  

 

Table S2-1. Irrigation nodes, names, and provinces. 

IRND Irrigated Area Province 

I1 D02_QH_HuangShui Qinghai 

I2 D03_NX_WeiNing 
Ningxia 

I3 D03_NX_Qingtongxia 

I4 D03_NM_Hetao 

Inner Mongolia I5 D03_NM_Nanan 

I6 D03_NM_TMC 

I7 D05_SX_Fenhe Shanxi 

I8 D05_SN_Weihe Shaanxi 

I9 D06_HN_Xiaolangdi 

Henan I10 D06_HN_Yinqin 

I11 D07_HN_Henan 

I12 D07_SD_Shandong Shandong 

I13 D02_GS 
Gansu 

I14 D03_GS 

I15 D04_NM Inner Mongolia 

I16 D04_SN Shaanxi 

I17 D04_SX Shanxi 

I18 D05_GS Gansu 

I19 D05_HN Henan 

I20 D05_NX Ningxia 

I21 D06_HN Henan 

I22 D06_SX Shanxi 

 

Table S2-2. Secondary water resources regionalization of the YRB. Regionalization was 

delineated by official authorities, considering both natural characteristics and administrative 

boundaries. Endorheic basin areas are excluded from this study. 

Code Region 

D01 Above Longyangxia 

D02 Longyangxia to Lanzhou 

D03 Lanzhou to Hekouzhen 

D04 Hekouzhen to Longmen 

D05 Longmen to Sanmenxia 

D06 Sanmenxia to Huayuankou 

D07 Below Huayuankou 
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Table S2-3. City nodes, names, and provinces. 

CND City Province 

XN Xining Qinghai 

LZ Lanzhou 
Gansu 

BY Baiyin 

YC Yinchuan 

Ningxia 
ZW Zhongwei 

WZ Wuzhong 

SZS Shizuishan 

HHHT Hohhot 

Inner Mongolia 
BYNE Bayan Nur 

BT Baotou 

EEDS Ordos 

TY Taiyuan 

Shanxi 

JINZ Jinzhong 

DT Datong 

SZ Shuozhou 

LL Lvliang 

YUNC Yuncheng 

LF Linfen 

XA Xi'an 

Shaanxi 

XY Xianyang 

YL Yulin 

YA Yan'an 

WNA Weinan 

ZZ Zhengzhou 

Henan 

LY Luoyang 

JZ Jiaozuo 

XX Xinxiang 

KF Kaifeng 

PY Puyang 

JN Jinan 

Shandong 

LC Liaocheng 

TA Taian 

BZ Binzhou 

DY Dongying 

 

 

 

 

 

 

 



73 

 

Table S2-4. Ecosystem nodes, sites, and provinces. 

END Site Province 

XHH Xinghai Lake Ningxia 

WLSH Wuliangsu Lake 
Inner Mongolia 

DaiH Daihai Lake 

BYD Baiyangdian Lake Hebei 

YRD Yellow River Delta Shandong 

 

Table S2-5. Inflow nodes, names of tributaries, and locations. 

QND Tributary Location Notes 

TP Tibetan Plateau 

Upper reaches 

Main stem inflow to 

Longyangxia Reservoir 

TH Taohe  

 

 

 

 

Tributary 

DTH Datonghe 

HS Huangshui 

DHH Daheihe 

KYH Kuyehe 

Middle reaches 

WDH Wudinghe 

FH Fenhe 

JH Jinghe 

WH Weihe 

YLH Yiluohe 

Lower reaches QH Qinhe 

DWH Dawenhe 

 

Table S2-6. Reservoir nodes, names and provinces. 

RND Reservoir Province 

LYX Longyangxia 
Qinghai 

LiJX Lijiaxia 

LiuJX Liujiaxia 

Gansu 
YGX Yanguoxia 

BPX Bapanxia 

DX Daxia 

QTX Qingtongxia Ningxia 

WJZ Wanjiazhai Shanxi 

SMX Sanmenxia 
Henan 

XLD Xiaolangdi 
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Table S3. Crop calendar with sensitivity factor for all irrigated crops in the YRB. 

Crop Months 

 1 2 3 4 5 6 7 8 9 10 11 12 

Spring wheat   0.04 0.13 0.57 0.35 0.37      

Winter wheat 0.12 0.10 0.18 0.32 0.24     0.14 0.11 0.12 

Rice 0.29    0.36 1.05 0.95 0.60 0.58 0.60 0.58 0.60 

Spring maize    0.11 0.75 1.40 0.26 0.22 0.09    

Summer maize     0.02 0.92 1.39 0.33 0.16 0.01   

Sorghum     0.08 0.35 0.35 0.25 0.11    

Other cereals    0.11 0.58 0.21 0.21 0.31     

Potato     0.52 0.67 0.43 0.23 0.04    

Bean     0.56 0.93 0.51 0.14     

Lentil    0.53 0.89 0.34 0.26 0.11     

Other pulses   0.13 0.90 0.61 0.14       

Soybean     0.12 0.85 0.29 0.52 0.25 0.01   

Groundnut     0.13 0.54 0.54 0.28 0.08    

Sunflower     0.27 0.36 0.68 0.84 0.21    

Rapeseed 0.71 0.54        0.27 0.27 0.56 

Cotton     0.16 0.25 0.25 0.24 0.17 0.11   

Vegetable 0.12 0.11 0.56       0.20 0.25 0.14 

Tomato 0.45        0.13 0.21 0.24 0.34 

Melon    0.28 0.79 0.64 0.46 0.35 0.02    

Rest    0.74 0.76 0.56 0.15      

 

 

Table S4. Model performance for major hydrological gauge stations, reservoirs’ end-of-year 

storage values, and agricultural water use against observed data, assessed with Percent Bias 

(PBIAS) and Normalized Root Mean Square Error (NRMSE).  

Category Name PBIAS (%) NRMSE (%) Period 

Hydrological 

station 

Lanzhou -5.48 15.99 

1996-2015 
Xiaheyan -9.61 18.50 

Tongguan 10.22 21.34 

Huayuankou -0.99 18.69 

Reservoir 

storage 

Longyangxia 

Reservoir 
3.80 25.79 1997-2015 

Xiaolangdi 

Reservoir 
0.40 25.96 2005-2015 

Agricultural 

water use 

Total irrigation 

withdrawal 
7.66 10.58 1996-2015 

 

 

 

 



75 

 

Table S4. Crop production by location and hydrological year type (104 ton). 

Crop Type Location Dry Normal Wet 

Cotton 

U 0.039 0.039 0.041 

M 7.27 7.58 8.90 

D 26.48 30.66 32.06 

YRB 33.79 38.28 41.00 

Vegetable 

U 244.96 253.01 268.33 

M 486.59 486.47 505.51 

D 243.27 240.87 234.04 

YRB 974.83 980.35 1007.87 

Maize 

U 167.68 179.95 168.73 

M 191.02 193.32 244.15 

D 334.88 441.14 494.47 

YRB 693.59 814.41 907.34 

Potato 

U 92.31 111.98 110.16 

M 85.82 89.70 103.20 

D 2.58 2.17 2.07 

YRB 180.71 203.86 215.43 

Rice 

U 5.43 7.84 15.89 

M 2.08 2.00 3.51 

D 4.67 3.41 4.16 

YRB 12.17 13.26 23.56 

Wheat 

U 65.37 64.79 66.44 

M 215.67 222.53 250.55 

D 517.54 534.47 577.64 

YRB 798.59 821.79 894.63 
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Fig. S1. Total surface water (SW) inflow during 1996 to 2016 in the YRB. 
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Fig. S2. Monthly precipitation (PRE) and reference evapotranspiration (PET) by hydrological 

year type, averaged over the entire YRB.  
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Fig. S3. Cropping patterns in the YRB by hydrological year type. 
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Fig. S4. Annual urban water uses by sector and province in the YRB. 
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Fig. S5. Annual hydropower generation (HP) and monthly water storage (S) in the YRB, by 

hydrological year type. 

 

 


