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G RA P H I CA LAB S T RAC T14

15

Abstract16

To guide the sustainable management of the over-exploited Western Baiyangdian17

Plain aquifer, this study developed an integrated simulation-optimization framework. A18

high-resolution stochastic aquifer model, constructed using Transition19

Probability/Markov Chain (TP-MC) geostatistics, was coupled with a groundwater20

flow model and a multi-objective optimization algorithm solved via a genetic algorithm21

with an adaptive penalty function (GA-APF). The stochastic model demonstrably22

outperformed its deterministic equivalent in replicating observed hydraulic heads.23

Scenario projections for 2035 indicate that combining ecological water replenishment24

with pumping reductions could raise groundwater levels by approximately 12, 10, and25

6 m in wet, normal, and dry years, respectively. However, this recovery concurrently26

increases phreatic evaporation, reaching up to 0.97 × 10⁸ m³/yr in wet years, revealing27

a critical management trade-off. The optimization model effectively balanced28

competing objectives, reducing projected water shortage rates to 11.86–14.06% by29

2035 while simultaneously mitigating evaporative losses. This framework provides a30

robust, transferable tool for restoring and optimally allocating water resources in31

stressed aquifer systems.32
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1. Introduction37

Groundwater serves as a vital freshwater resource for sustaining socioeconomic38

development and ecological balance, particularly in arid and semi-arid regions39

(Famiglietti, 2014). The North China Plain (NCP)—one of the world's most intensively40

exploited aquifer systems—has experienced severe groundwater depletion due to long-41

term over-extraction, leading to declining water tables (Liu et al., 2008; Cao et al.,42

2013), land subsidence (Gong et al., 2018), and ecosystem degradation, including43

wetland loss (Cui et al., 2002). In response, management measures such as pumping44

restrictions (Kendy et al., 2004), ecological water replenishment (Xia et al., 2011), and45

inter-basin water transfer projects (e.g., the South-to-North Water Diversion) have been46

implemented (Liu et al., 2013; Long et al., 2020). Nevertheless, the efficacy of these47

interventions is strongly modulated by complex aquifer heterogeneity and the dynamic48

interplay between climate change and anthropogenic pressures (Wada et al., 2012;49

Taylor et al., 2013). A clear understanding of how groundwater flow systems respond50

to such management actions is therefore essential for designing sustainable51

groundwater management strategies (Sophocleous, 2000).52

Groundwater flow numerical modeling has been an essential tool for analyzing53

aquifer behavior and informing resource management since the 1970s (McDonald and54

Harbaugh, 1988; Anderson et al., 2015). A primary challenge in improving simulation55

reliability is the accurate characterization of aquifer heterogeneity, which governs the56

spatial variability of key hydrogeological parameters such as hydraulic conductivity57

(Gelhar, 1993; Renard andAllard, 2013). To represent such heterogeneity, geostatistical58

methods (e.g., kriging) and conditional stochastic simulation techniques (e.g., T-59

PROGS) have been widely adopted (Carle, 1999; Rubin, 2003). For example, Freeze et60

al. (2021) employed numerical experiments to investigate the influence of61

heterogeneity and anisotropy on groundwater flow systems. Despite these62

methodological advances, practical applications continue to be constrained by data63

scarcity and uneven spatial coverage, often resulting in overly simplified models (Hill64

and Tiedeman, 2007; Zhou et al., 2014).65
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In the context of groundwater management, simulation-optimization (S-O)66

frameworks that integrate numerical models with evolutionary algorithms—such as67

genetic algorithms (GAs)—have become powerful tools for addressing multi-objective68

regulation problems (Reed et al., 2013; Singh, 2014). In the North China Plain, for69

instance, studies by Zhang et al. (2014) and Li et al. (2017) employed numerical models70

to predict groundwater-level changes under the South-to-NorthWater Diversion project71

and to evaluate artificial-recharge scenarios. Similarly, Wang et al. (2020) developed a72

model for the Baiyangdian area to assess groundwater recovery following ecological73

water replenishment. To improve optimization efficiency, adaptive penalty functions74

have also been introduced to handle constraints more effectively (Lin et al., 2004; Wu75

and Simpson, 2005).76

Despite these advances, significant knowledge gaps remain. First, inadequate77

characterization of aquifer heterogeneity—largely due to limited borehole and78

geophysical data—often leads to spatially smoothed parameter fields that poorly79

represent actual aquifer architecture (Fiori et al., 2007; Bianchi and Pedretti, 2017).80

This compromises the predictive accuracy of numerical models, especially in regions81

with pronounced sedimentary heterogeneity (de Marsily et al., 2005; Zarlenga et al.,82

2018). Second, most current simulation-optimization studies rely on loosely coupled83

frameworks, in which the numerical model and the optimization algorithm are executed84

sequentially rather than being iteratively integrated (He et al., 2009; Matott et al., 2009).85

This approach introduces considerable computational inaccuracies and limits the86

capacity to identify optimal solutions (Harp and Vesselinov, 2013). Third, focused87

research on theWestern Baiyangdian Plain—a critical area that has undergone intensive88

groundwater management interventions since 2015—remains scarce (Zhang et al.,89

2022). The combined impacts of pumping reduction, ecological water replenishment,90

and natural heterogeneity on groundwater flow responses are still poorly quantified91

(Huang and Pang, 2011; Cao et al., 2016; Liu and Zheng, 2021), highlighting the need92

for advanced integrated S-O frameworks incorporating high-resolution heterogeneity93

characterization (Knowling et al., 2019).94
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To bridge these gaps, this study focuses on the Western Baiyangdian Plain (WBP)95

and aims to develop an integrated framework that couples advanced characterization of96

aquifer heterogeneity with a tightly coupled simulation-optimization scheme. The97

specific objectives are to: (1) construct a high-resolution groundwater flow model by98

integrating multi-source data with conditional stochastic simulation techniques to99

accurately represent aquifer heterogeneity; (2) establish a tightly coupled simulation-100

optimization framework by embedding the numerical model within a multi-objective101

evolutionary algorithm, thereby enabling dynamic feedback between the simulation and102

optimization processes; and (3) propose optimal groundwater regulation strategies103

under scenarios of pumping reduction and ecological replenishment, and evaluate their104

impacts on both groundwater level recovery and potential environmental trade-offs.105

This work is expected to enhance the realism of groundwater simulations and provide106

a robust decision-support tool for sustainable groundwater management in the North107

China Plain.108

2. Methodology109

2.1 Study area110

The Western Baiyangdian Plain (WBP) is situated in the central North China Plain111

(approximately 13,500 km²; Fig. 1). The topography is generally flat, sloping gently112

from northwest to southeast (gradient <4‰), with elevations mostly below 100 m113

except in the western Taihang foothills. Geomorphologically, it comprises four units:114

(1) OldAlluvial-Pluvial Plain (30–100 m; 1–4‰ slope), (2) NewAlluvial-Pluvial Plain115

(10–30 m; 1–2‰ slope), (3) Alluvial Plain (~10 m; 0.5–1‰ slope), and (4) Lacustrine-116

Alluvial Plain around Baiyang Lake (7–10 m; 0.2–0.7‰ slope).117

The climate is continental monsoon (semi-humid to semi-arid), with a mean annual118

temperature of 13.79°C and mean annual precipitation of 526 mm. Precipitation is119

highly variable, with approximately 70% falling between June and September. Annual120

evapotranspiration ranges from 350 to 500 mm.Major seasonal rivers (Juma, Tang) and121

reservoirs (Wangkuai, Xidayang, Angezhuang) constitute key surface water features.122

Baiyang Lake, a critical wetland once prone to desiccation, has recovered significantly123

https://doi.org/10.5194/egusphere-2026-6259
Preprint. Discussion started: 22 October 2026
c© Author(s) 2026. CC BY 4.0 License.



7

due to large-scale ecological water replenishment projects (e.g., South-to-North Water124

Diversion).125

Groundwater occurs in a Quaternary unconsolidated sediment aquifer system,126

classified into four groups (I–IV; Fig. 2). Groups I and II form the shallow system,127

accounting for >80% of extractions due to the lack of regional aquitards and128

commingled pumping, which has caused severe environmental issues (depression cones,129

land subsidence, fissures). Groups III and IV constitute the deeper system, separated by130

a continuous clay aquitard. Recharge originates from precipitation, surface water131

seepage, and irrigation return flow; discharge is dominated by pumping. This long-term132

over-exploitation underscores the urgent need for sustainable groundwater management133

in the WBP.134

135

Fig.1. Location and model boundaries of the Baiyangdian Lake Basin, China136
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137
Fig.2. Hydrogeological cross-section of the plain area of the Baiyangdian Lake Basin, China138

2.2 Data Sources139

The study utilized a comprehensive dataset for the Western Baiyangdian Plain,140

summarized in Table 1.141

Table 1. Summary of data sources for the Western Baiyangdian Plain study142
Data Category Specific Content Temporal Range / Source Main Use

Hydrogeological
data

Lithology and
stratigraphic information
from 200 boreholes

Regional geological survey

Construction of
aquifer structure
model;3D lithofacies
characterization

Meteorological
data

Monthly precipitation and
evapotranspiration

2018–2019 / China
Meteorological
Administration

Calculation of
precipitation
infiltration recharge;
model source/sink
terms

Hydrological data

River discharge,
ecological water
replenishment from the
SNWDP and reservoirs

Governmental records

Quantification of
groundwater recharge
from rivers,
reservoirs, and water
transfers

Groundwater
monitoring data

Regional groundwater
level from observation
wells

2018–2019
Model calibration and
validation, assessment
of model reliability

Socioeconomic
data

Agricultural, industrial,
domestic water use;2035
water demand projections
for 2035

2019 statistical records /
regional development plans

Baseline-year water
use analysis;
construction of
optimal regulation
model for planning
year

2.3 Development of the Stochastic Groundwater Flow Model143
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2.3.1 Groundwater Flow Numerical Simulation144

The multilayer aquifer system is conceptualized as two main units: a combined145

shallow system (Aquifers I & II) and a distinct deep system (Aquifer III), separated by146

a regional aquitard (Fig. 1). Grouping Aquifers I and II is justified due to discontinuous147

intervening aquitards and strong hydraulic connectivity resulting from pervasive148

pumping. In contrast, the deep system is isolated by a continuous aquitard.149

Groundwater flow is predominantly horizontal due to extensive lateral continuity,150

with recharge and discharge exhibiting transient behavior. Pronounced heterogeneity in151

hydraulic parameters is incorporated. Consequently, the Baiyangdian Lake Basin (BLB)152

groundwater system is represented as a three-dimensional, three-layer transient flow153

model with heterogeneity and horizontal anisotropy (Chi et al., 2022). All lateral154

boundaries are simulated as general-head boundaries to account for potential155

groundwater exchange.156

2.3.2 Spatial Stochastic Model of Aquifer Hydraulic Conductivity157

To capture the pronounced heterogeneity of the aquifer system, a three-dimensional158

stochastic lithology model was developed using the Transition Probability-Markov159

Chain (TP-MC) method, constrained by lithological data from approximately 200160

boreholes.161

（1）Lithofacies Classification and Model Theory162

The aquifer media were classified into three lithofacies: fine sand (FS), coarse sand163

and gravel (CSG), and silty clay (SC) (Ritzi et al., 2007).164

The TP-MC model is governed by the transition probability, tⱼₖ(h), defined as the165

conditional probability of transitioning from lithofacies j to lithofacies k over a lag166

distance vector h (Carle and Fogg, 1997; Weissmann and Fogg, 1999):167

tjk(h)=P(k∣j) (1)168

The three-dimensional Markov chain model was constructed based on a transition169

rate matrix R. For any given direction ϕ, the corresponding transition probability matrix170

T(ϕ), is computed via matrix exponential(Koltermann et al., 1996):171
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   T h exp R h   (2)172

where hϕ is the lag distance in direction ϕ. In accordance with Walther's law, the173

lateral transition rates were derived from their vertical counterparts to characterize the174

three-dimensional distribution of lithofacies(Carle et al., 1997;Weissmann et al., 1999).175

（2）Conditional Simulation and Model Validation176

Conditional simulation of lithofacies was implemented using a hybrid approach177

that integrates Sequential Indicator Simulation (SIS) with the SimulatedAnnealing (SA)178

algorithm(Carle et al., 1997;Deutsch et al., 1998).179

The local conditional probability, P(j|x), for the occurrence of facies j at an180

unsampled location x was estimated using cokriging (Carle et al., 1997).181

182

  i

n

i
i IP 




1

xj  (3)183

where Iᵢ are indicator values from neighboring data, and λᵢ are cokriging weights.184

The initial SIS model was iteratively optimized to minimize the discrepancy185

between the simulated transition probabilities, tjₖ(h)ₛᵢₘ, and their measured counterparts,186

tjₖ(h)ₘₑₐₛ. This was achieved by minimizing the following objective function O (Carle187

and Fogg, 1997; Deutsch and Journel, 1998):188

189

    2
1 1   


n

j

n

k h measjksimjk hthtO (4)190

Based on the calibrated vertical and lateral transition rate matrices, thirty stochastic191

lithofacies realizations were generated. The model's predictive accuracy was evaluated192

using 30 validation boreholes (15% of total dataset), with a consistency threshold Ψ₀ =193

0.5. The overall model consistency across all realizations ranged from 0.54 to 0.63,194

confirming the reliability of the stochastic simulations(Proce et al., 2004).195

（3）Upscaling to Hydraulic Conductivity (K)196

The 3D stochastic lithofacies realizations were upscaled to generate corresponding197

2D horizontal hydraulic conductivity (K) fields for numerical groundwater flow198

modeling. This was achieved using a volume-weighted arithmetic averaging method199
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(Eq. 2.5). The process resulted in 30 equally probable K-field realizations, each200

capturing the spatial heterogeneity inherent in the aquifer system.201

1 11h g g
nHK k hg= (5)202

where Kh is the effective hydraulic conductivity of a grid cell. k1g is the hydraulic203

conductivity of an individual lithological unit within corresponding vertical column,204

h1g is the thickness of that unit (serving as the weight), and n is the total number of205

such units in the column.206

2.4 Multi-Objective Groundwater Management Model207

2.4.1 Optimization Model Formulation208

（1）Objectives:209

The management model has two primary objectives: first, to minimize the total210

water shortage rate across the 19 management subunits; and second, to minimize the211

average depth to groundwater across all subunits.212
2

1
3

1 1 0
ik jkD QaF min i k D jk

 
    

 
 

  ······················(6)213

2
0

1
at amin

amin

h haF min i h h


   ······························(7)214

where i represents the administrative division at the county/district scale(19215

management zones; a= 1 to 19), a denotes the number of management zones, with a216

ranging from 1 to 19; Dik is the groundwater demand of the k-th sector in the i-th217

management zone (10⁴ m³), Qik is the groundwater supply allocated to the k-th sector218

in the i-th management zone (10⁴ m³), and D0ik is the total water demand of the k-th219

sector in the i-th management zone (10⁴ m³). Ti represents the number of years required220

for the i-th management zone to achieve the appropriate groundwater level depth, hat221

denotes the calculated groundwater level depth (m) for the a-th management zone at222

time step t, hamin is the ecologically suitable groundwater level depth for the a-th223

management zone (m), and h0 is the water table depth at the end of the baseline year224
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2019 (m).225

（2）Constraints:226

①Constraint on Groundwater Depth227

imin it imaxh h h  ··································(8)228

Where hit is the simulated groundwater depth (m) in management zone i during229

period t. himin is the permissible minimum groundwater depth (m) for zone i(the230

ecologically suitable depth), himax is the permissible maximum groundwater depth (m)231

for zone i.232

②Water Balance Constraint233

it it it it it it it itV P R N M Q E O        ····················(9)234

Where △Vit is the groundwater storage change (10⁴ m³) in zone i during period t.235

Pit is precipitation infiltration recharge (10⁴ m³), Rit is lateral recharge (10⁴ m³) , Nit is236

surface water recharge (10⁴ m³),Mit is irrigation return flow(10⁴ m³), Qit is groundwater237

extraction (10⁴ m³), Eit is phreatic evaporation (10⁴ m³), Oit is lateral outflow (10⁴ m³).238

③Water Replenishment Constraint239

i iO D ········································(10)240

Where Oi is the groundwater supply (104 m3) allocated to zone i, and Di is the241

groundwater demand (104 m3) of zone i.242

④Groundwater Extraction Constraint243

i imaxO D ········································(11)244

245

Where Dimax is the maximum groundwater extraction capacity (104 m3) for zone i.246

⑤Non-negativity Constraint247

0iO  ···········································(12)248

2.4.2 Solution Algorithm: Adaptive Penalty Function Genetic Algorithm (APF-GA)249

The multi-objective optimization problem was transformed into a single-objective250

formulation using the ideal point method combined with a weighting scheme (Hsu and251
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Cheng, 2002; Cheng et al., 2008). To handle constraints effectively, anAdaptive Penalty252

Function (APF) was integrated into a Genetic Algorithm (GA), forming an APF-GA253

framework (Deb, 2000). This framework dynamically adjusts penalty coefficients254

based on the feasibility proportion of the evolving population (Wu and Simpson, 2001).255

Key GA parameters were set as follows: population size of 100, maximum of 200256

generations, crossover probability of 0.80, and mutation probability of 0.05, consistent257

with common practices for groundwater management problems (Singh and Minsker,258

2008). Finally, the optimization procedure was executed in a tightly coupled manner259

with the numerical groundwater flow model.260

261
Fig.3. Flowchart of the Adaptive Penalty Function Genetic Algorithm262

2.4.3 Water Demand and Supply Projection263

Water demands for domestic, industrial, and agricultural sectors in 2035 were264

projected using a quota-based method informed by regional water efficiency policies265

(Wang et al., 2016). Concurrently, available water supplies—including surface water266

sources (e.g., South-to-North Water Diversion Project and local reservoirs) and267

groundwater—were estimated based on master planning documents for the basin (Fang268
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et al., 2018).269

3.Results270

3.1 Performance of the Stochastic Groundwater Flow Model271

3.1.1 Characterization of Aquifer Heterogeneity272

Ahigh-resolution heterogeneous aquifer model was successfully constructed using273

the TP-MC geostatistical method. The aquifer media were classified into three274

lithofacies: fine sand, sandy gravel/coarse sand, and silty clay. The model accurately275

reproduces the spatial distribution and architectural patterns of these facies (Figs. 4).276

Validation against borehole data yielded an overall simulation consistency ranging from277

0.54 to 0.63. The equivalent horizontal hydraulic conductivity (K) field, derived from278

the stochastic lithofacies model (e.g., Realization #30 in Fig. 5), exhibits pronounced279

heterogeneity. Notably, within the alluvial-pluvial fan units, the K field displays a clear280

decreasing trend from the western piedmont zone eastward.281
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282

Fig. 4. Sedimentary Facies in the Heterogeneous Structural Model(a Three-Dimensional283

Distribution ,b Two-Dimensional Cross-Sectional View )284

285

Fig. 5. Hydraulic conductivity fields of aquifers after stochastic model simulation286
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3.1.2 Model Calibration and Validation287

The stochastic modeling approach demonstrated superior performance compared to288

the deterministic model in replicating the dynamics and spatial patterns of the observed289

groundwater flow system. The simulated groundwater flow directions and the extent of290

depression cones generated by the stochastic model showed close agreement with field291

observations, as illustrated in Fig. 6.292

293

Fig. 6. Match between simulated and measured groundwater flow fields294

The stochastic model ensemble demonstrated a superior fit to observed water levels295

at monitoring wells compared to the deterministic model (Fig. 7). As shown in Fig. 8,296

the mean error of the stochastic ensemble decreased with an increasing number of297

realizations, converging toward a stable value, whereas the error of the deterministic298

model remained constant. Among all realizations, Realization #30 yielded the smallest299

error and was therefore selected for subsequent scenario analysis and predictions.300
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301
Fig. 7. Time-series of simulated versus observed groundwater levels in representative monitoring302

wells.303

https://doi.org/10.5194/egusphere-2026-6259
Preprint. Discussion started: 22 October 2026
c© Author(s) 2026. CC BY 4.0 License.



18

304
Fig. 8. Error analysis between observed and simulated groundwater levels305

Table 2 Average annual groundwater budget (2018–2019) (10⁸ m³/a)306
Balance Component ShallowAquifer Deep Aquifer

Inflow

Stochastic Deterministic Proportion Stochastic Deterministic Proportion
Precipitation
Infiltration 10.82 10.15 60.24% - - -

Lateral Inflow 3.91 3.63 21.77% 0.1 0.08 8.13%
River-channel
Infiltration 0.88 0.95 4.90% - - -

Irrigation Return
Flow 2.02 1.75 11.25% - - -

Baiyangdian
Lake Infiltration 0.2 0.19 1.11% - - -

Vertical Leakage 0.13 0.12 0.72% 1.13 1.04 91.87%
Total Inflow 17.96 16.79 - 1.23 1.12 -

Outflow

Lateral Outflow 1.03 0.98 4.50% 0.12 0.1 5.04%
Pumping
(Anthropogenic
Extraction)

20.93 20.85 91.36% 2.24 2.17 94.12%

Phreatic
Evaporation 0.24 0.19 1.05% - - -

Vertical Leakage 0.71 0.67 3.10% 0.02 0.03 0.84%
Total Outflow 22.91 22.69 - 2.38 2.3 -
Budget Balance -4.95 -5.9 - -1.15 -1.18 -

307

The groundwater budget for the shallow aquifer during the calibration period308

(2018–2019) indicated a persistent water deficit. Average annual recharge was 17.96 ×309
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10⁸ m³/a, while discharge reached 22.91 × 10⁸ m³/a, resulting in a net depletion of 4.95310

× 10⁸ m³/a (Table 2). The notable differences in these water balance components,311

compared to the deterministic model, underscore the stochastic model's enhanced312

capability to capture the impact of aquifer heterogeneity on regional groundwater fluxes.313

3.2 Prediction of Groundwater Level Trends under Future Scenarios314

3.2.1 Scenario Setup315

To inform sustainable groundwater management, a set of future scenarios was316

developed around three key drivers: groundwater extraction rates, ecological water317

replenishment volumes, and precipitation patterns. The scenario design adhered to the318

following principles: (1) climate-informed precipitation projections based on319

downscaled CMIP6 models; (2) priority-driven water allocation prioritizing domestic320

use; and (3) restoration-focused management emphasizing enhanced replenishment and321

reduced extraction.322

Future precipitation projections were derived from three CMIP6 climate scenarios323

(SSP1-2.6, SSP2-4.5, SSP5-8.5). The sustainable SSP1-2.6 scenario, projecting a slight324

decrease in mean annual precipitation (approximately 10.14 mm) relative to the325

historical baseline, was selected as the primary climate forcing. Ecological water326

replenishment was modeled following the "Action Plan for Comprehensive327

Management of Groundwater Over-exploitation in North China," using major rivers as328

conveyance pathways with recharge volumes at maximum planned capacities.329

Groundwater extraction reductions were designed based on provincial policy targets,330

implementing a 25% reduction in shallow aquifer pumping and a 20% reduction in deep331

aquifer pumping relative to the 2019 baseline.332

3.2.2 Groundwater Level Responses333

Under the combined implementation of extraction reduction and ecological334

replenishment, simulated regional groundwater levels in 2035 exhibit a clear overall335

recovery trend across all scenarios (Fig. 9). In the shallow aquifer, the projected water-336

level rise relative to baseline is approximately 12 m in wet years, 10 m in normal years,337

and 6 m in dry years. Changes in the deep aquifer follow a similar spatiotemporal338
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pattern but are of smaller magnitude.339

340
Fig. 9. Groundwater level contours for different hydrological year types(2035)341

Spatially, the most significant groundwater level changes occur in two distinct342

zones: (1) the region north of the Xiongxian–Rongcheng–Xushui line, and (2) the area343

south of the Gaoyang–Wangdu line (Fig. 10). Within these responsive zones, the344

simulated maximum rise in shallow groundwater levels reaches approximately 31 m345

under wet-year conditions, 20 m under normal conditions, and 2 m under dry conditions.346

The peak response in the deep aquifer is concentrated along the Wangdu–Baoding–347

Xushui–Gaobeidian line, with maximum water-level changes ranging from 18–20 m in348

wet years to 3–16 m in dry years.349

The simulated management scenarios lead to differential recovery patterns among350

major historical groundwater depression cones (Fig. 10). Specifically: (1) the351

Rongcheng cone exhibits the most substantial recovery, with water levels rising by352

approximately 15.14 m in wet years, 10.12 m in normal years, and 7.66 m in dry years;353

(2) the Gaoliqing cone shows significant but more stable recovery across climates, with354

rises of 13.67 m (wet), 12.74 m (normal), and 11.07 m (dry); and (3) the Xiongxian355
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cone demonstrates more modest recovery, with increases of 6.47 m, 4.90 m, and 3.93356

m under wet, normal, and dry conditions, respectively. This hierarchy of recovery357

(Rongcheng > Gaoliqing > Xiongxian) underscores the varying hydraulic connectivity358

and stress history of each cone within the regional flow system.359

360

Fig. 10. Water level change at the center of the groundwater depression cone under different361

hydrological year types362

The simulated groundwater budget components exhibit systematic variations across363

climate scenarios (Table 3). Key recharge fluxes show strong dependence on364

precipitation: (1) precipitation infiltration increases from 7.83 × 10⁸ m³ in dry years to365

11.76 × 10⁸ m³ in wet years; (2) river infiltration shows a corresponding rise from 1.01366

× 10⁸ m³ to 1.64 × 10⁸ m³. A critical finding is the substantial increase in phreatic367
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evaporation, which rises from 0.08 × 10⁸ m³ in dry years to 0.97 × 10⁸ m³ in wet years.368

This nearly order-of-magnitude increase, a direct consequence of rising water tables369

(Fig. 11), highlights a significant trade-off: while managed aquifer recovery is370

successful, it concurrently elevates the risks of increased evaporative losses and371

potential soil salinization.372

Table 3 Groundwater balance under different scenarios in 2035 (10⁴ m³)373
Balance Component Wet Year Normal Year Dry Year

Recharge

Precipitation Infiltration 117581.16 100218.87 78340.11
Lateral Inflow 6963.20 7212.90 10764.16

River Channel Infiltration 15272.99 13936.47 10143.25
Baiyangdian Lake Infiltration 234.32 535.34 1232.91

Discharge
Artificial Extraction 181486.45 181486.45 181486.45
Lateral Outflow 20527.5 18821.59 14221.32

Phreatic Evaporation 9687.51 3479.04 844.69
374

375

Fig. 11. Variation in phreatic evaporation across different hydrological year types376

3.2.3 Evolution of Vertical Groundwater Flow Systems377

The preceding analysis demonstrates that precipitation, ecological replenishment,378
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and extraction rates are key drivers altering the characteristics of local groundwater379

flow systems (Fig. 12). To deepen the understanding of how these changes in recharge380

and discharge affect vertical groundwater circulation, a comparative analysis of the381

resulting flow systems was conducted, assuming that a dynamic equilibrium (quasi-382

steady state) is approached by the end of the simulation period (2035).383

384
Fig. 12. Schematic diagram of groundwater flow patterns in typical cross-sections under different385

hydrological year types386

The analysis demonstrates that variations in precipitation, ecological water387

replenishment, and groundwater extraction collectively reshape the architecture of local388

groundwater flow systems. Under scenarios characterized by increased recharge and389

reduced extraction, the active groundwater circulation depth becomes progressively390

shallower, and its areal extent contracts. This trend is quantified across major391

geomorphic units: (1) in the Alluvial-Pluvial Plain, circulation depth decreases from392

approximately 100 m in dry years to about 60 m in wet years; (2) in the Alluvial Plain,393

it decreases from 150 m to 120 m; and (3) in the Alluvial-Lacustrine Plain, a more394

moderate reduction occurs, from 120 m to 110 m.395
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3.3 Optimal Groundwater Regulation Based on Multi-Objective Management396

3.3.1 Optimization Model and Scheme397

A multi-objective optimization model was developed and tightly coupled with the398

validated stochastic groundwater flow model. The model aimed to simultaneously399

minimize (1) the total regional water shortage rate and (2) the average depth to the water400

table across all 19 management subunits. The resulting optimal management scheme401

prioritizes ecological water replenishment via selected river channels and implements402

spatially differentiated groundwater pumping reductions, with cutbacks ranging from403

20% to 30% based on the severity of historical over-exploitation in each region.404

3.3.2 Regulation Results and Analysis405

The optimization results for the baseline year (2019) demonstrate a significant406

improvement in regional water supply reliability. Total water shortage decreased from407

534.72 × 10⁶ m³ to 477.31 × 10⁶ m³, corresponding to a reduction in the shortage rate408

from 21.43% to 19.13%. Furthermore, the spatial distribution of water shortage rates409

across computational units became more equitable and improved markedly, as shown410

in Fig. 13. These outcomes collectively validate the effectiveness and practical411

applicability of the developed optimization model.412

413
Fig. 13. Water shortage rate comparison (before vs. after optimization) for computational414

units in the western plain of Baiyangdian Lake (2019)415

Under the optimal regulation scheme, groundwater levels are projected to maintain416

an overall rising trend through 2035. However, the rate of recovery is more measured417

and sustainable compared to the steep rise projected under the unregulated scenario (Fig.418

14). Importantly, a discernible degree of water-level recovery is also achieved at the419
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centers of major historical depression cones, indicating that the optimization model420

successfully reconciles the regional recovery goal with the targeted remediation of421

critically over-exploited zones.422

423
Fig. 14. Groundwater level contour maps after optimal regulation for different hydrological year424

types (2035)425

Table 4 Groundwater balance after optimal regulation for the planning year (2035)426
Balance Component Wet Year Normal Year Dry Year

Recharge

Precipitation Infiltration 117581.16 100218.87 78340.11
Lateral Inflow 5476.02 5686.32 10288.77

River Channel Infiltration 16362.79 15167.3 12129.5
Baiyangdian Lake Infiltration 211.11 437.92 1075.79

Discharge
Artificial Extraction 162486.45 162486.45 162486.45
Lateral Outflow 21028.54 19538.18 15314.62

Phreatic Evaporation 6984.31 2025.61 832.99

A key outcome of the optimal management scheme is the substantial reduction of427

non-beneficial phreatic evaporation. Compared to the unregulated scenario, phreatic428

evaporation under wet-year conditions is reduced by 0.27 × 10⁸ m³/a, declining from429

0.97 × 10⁸ m³/a to 0.70 × 10⁸ m³/a (Table 4). This reduction quantitatively demonstrates430

the model's effectiveness in resolving a critical trade-off: it simultaneously improves431
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water supply reliability while strategically controlling water table rise, thereby432

minimizing unproductive evaporative losses.433

Implementation of the optimized management scheme induces systematic434

adjustments in the configuration of local groundwater flow systems (Table 5).435

Specifically, the active circulation depth becomes slightly shallower overall. Spatially,436

the areal extent of local flow systems contracts in the Alluvial-Pluvial Plain and the437

Lacustrine-Alluvial Plain but exhibits a slight expansion in the Alluvial Plain. This438

spatial reorganization of groundwater flow pathways directly contributes to the439

previously noted reduction in phreatic evaporation, particularly in topographically low-440

lying and ecologically vulnerable areas.441

Table 5 Characteristics of changes in local groundwater flow systems along typical cross-sections442
under different optimal regulation scenarios in 2035443

Period Location Circulation
Depth

Change vs. Pre-
regulation

Flow
Path
Length

Change vs. Pre-
regulation

Wet
Year

Alluvial-Pluvial
Plain

<50 m Decreased by 10
m

10 km Decreased by 2
m

Alluvial Plain <130 m Increased by 10
m

22 km Increased by 2 m

Alluvial-Lacustrine
Plain

<100 m Decreased by 10
m

10 km Decreased by 2
m

Normal
Year

Alluvial-Pluvial
Plain

<60 m Decreased by 10
m

10 km Decreased by 2
m

Alluvial Plain <130 m Increased by 10
m

27 km Increased by 2 m

Alluvial-Lacustrine
Plain

<100 m Decreased by 10
m

10 km Decreased by 2
m

Dry
Year

Alluvial-Pluvial
Plain

<100 m No change 12 km No change

Alluvial Plain <160 m Increased by 10
m

31 km Increased by 1 m

Alluvial-Lacustrine
Plain

<110 m Decreased by 10
m

9 km Decreased by 1
m

444

In this study, the main factors affecting the natural attenuation of naphthalene were445

analyzed by the samples of groundwater in the riparian infiltration zone, and then the446

influence mechanism of DOM on the natural attenuation of naphthalene was identified447

by the biodegradation experiment, the key parameter of natural attenuation of448

naphthalene under the influence of DOM were obtained, especially the parameter of449

competitive inhibition of DOM on the process of naphthalene biodegradation. Finally,450
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numerical model was used to characterize the natural attenuation of naphthalene under451

the influence of DOM during river water infiltration, and the natural attenuation452

potential of naphthalene in the riparian infiltration zone was quantitatively evaluated.453

4. Discussion454

4.1. Mechanism of Improved Simulation by Stochastic Approach455

The superior performance of the TP-MC model stems from its ability to capture456

depositional architectural elements. Unlike traditional variogram-based methods (e.g.,457

kriging) that model only two-point continuity, TP-MC explicitly simulates the geometry,458

connectivity, and asymmetry of geological units (e.g., channel belts), yielding more459

geologically plausible heterogeneity (Carle and Fogg, 1997; Weissmann and Fogg,460

1999). This is critical in the heterogeneous, anisotropic Baiyangdian West Plain. The461

stochastic model delineates interconnected high-K paleo-channels that control focused462

recharge and depression cone evolution—features that are homogenized in463

deterministic models. Consequently, it better explains key observations: (1) steep464

hydraulic gradients around cone margins and (2) dynamic water-level fluctuations in465

hydrographs. These results affirm that accurately representing heterogeneity is not466

merely a technical improvement but a prerequisite for reliable flow and transport467

prediction (Ritzi et al., 2004).468

4.2. Trade-offs in Groundwater Restoration and Management Implications469

This analysis uncovers a critical management trade-off: aggressive groundwater470

restoration, while reversing depletion, can drive substantial phreatic evaporation (up to471

0.97 × 10⁸ m³/a; Fig. 12), directly counteracting replenishment efforts and increasing472

salinization risk in shallow areas (Konikow and Kendy, 2005). This challenges the goal473

of simply "maximizing" water levels, necessitating the pursuit of an "optimal" recovery474

target that balances storage gains against water loss and environmental costs.475

The coupled simulation-optimization framework is designed to resolve this trade-476

off. By co-optimizing water supply and water table depth, it avoids excessively shallow477

conditions, thereby significantly reducing non-beneficial evaporation in the optimal478

scheme (Fig. 12). This validates the framework's utility and marks a paradigm shift479
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from reactive extraction control to proactively engineering a sustainable aquifer state—480

one that integrates quantity and quality objectives (e.g., salinization mitigation), a481

dimension often missing from traditional water-balance models (Singh, 2014).482

4.3. Comparison with Previous Studies and Generality of Findings483

While previous regional models of the North China Plain have relied on484

homogeneous layers or zones (Zhang et al., 2009; Liu et al., 2021), our TP-MC based485

stochastic approach reveals that such simplifications likely underestimate local flow486

dynamics and management response patterns (Weissmann et al., 2002). The novel487

integration of this method with a multi-objective optimization framework for a heavily488

exploited system like the WBP addresses this gap.489

The identified trade-off between water-level recovery and increased evaporation is490

likely generic to shallow aquifers in arid/semi-arid regions undergoing managed491

recharge (cf. High Plains, Indo-Gangetic Basins). Consequently, our methodology and492

insights are widely transferable. The key management implication is a paradigm shift:493

from merely "raising water levels" to defining a "target operational window." This494

window should balance competing needs—keeping levels deep enough to avoid495

salinization and excessive evaporation, yet shallow enough to ensure sustainability,496

ecosystem health, and equitable access.497

5. Conclusion498

This study developed an integrated stochastic simulation-optimization framework499

to manage groundwater over-exploitation in the Baiyangdian West Plain. The principal500

conclusions are:501

The TP-MC stochastic model provides a geologically faithful representation of502

heterogeneity, significantly improving simulation reliability over traditional503

homogeneous models. The stochastic ensemble achieved a superior fit to observed504

hydraulic heads, with Realization #30 selected for scenario analysis.505

Managed interventions (reduced extraction, enhanced replenishment) enable506

substantial groundwater recovery, with projected water-level rises of up to 12 m in wet507

years. However, this recovery triggers a critical trade-off: increased phreatic508
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evaporation (up to 0.97 × 10⁸ m³/a in wet years) and associated salinization risk,509

challenging the paradigm of simply maximizing water levels.510

The multi-objective optimization model successfully balances water supply511

security with minimizing evaporative loss. Under the optimal scheme, water shortage512

rates are reduced to 11.86–14.06% by 2035, while phreatic evaporation is reduced by513

0.27 × 10⁸ m³/a in wet years, providing a robust strategy for sustainable management.514

The framework and findings are transferable to other over-exploited basins. They515

advocate for a paradigm shift in groundwater management: moving beyond simple516

water balancing to explicitly account for heterogeneity and proactively navigate hydro-517

ecological trade-offs by defining a "target operational window" for sustainable aquifer518

states.519

Funding This work was supported by the National Key Research and Development Program of520

China (No. 2024YFC3713105),and the Open Project Program of Key Laboratory of Groundwater521

Resources and Environment (Jilin University), Ministry of Education (Grant No. 202506ZDKF01).522

Data availability The data underlying this article were provided by Hebei Hydrogeological Survey523
Institute, by permission. Data will be shared on request to the corresponding author with permission.524
Author contributions GyC: conceptualization, methodology, writing (original draft). XsS: writing525
(review and editing), funding acquisition, supervision,project administration. HL: resources,526
in
vestigation, data curation. CW: investigation, data curation. SnD: resources, funding acquisition.527
Competing interests The contact author has declared that none of the authors has any competing528
interests.529

References530

Anderson, M.P., Woessner, W.W., Hunt, R.J., 2015. Applied Groundwater Modeling: Simulation of Flow531
and Advective Transport, second ed. Academic Press, San Diego.532

Bianchi, M., Pedretti, D., 2017. Geological entropy and solute transport in heterogeneous porous media.533
Water Resour. Res. 53 (6), 4691–4708. https://doi.org/10.1002/2017WR020768534

Cao, G., Zheng, C., Scanlon, B.R., Liu, J., Li, W., 2013. Use of flow modeling to assess sustainability of535
groundwater resources in the North China Plain. Water Resour. Res. 49 (1), 159–175.536
https://doi.org/10.1029/2012WR011899537

Cao, Y., Tang, C., Song, X., Liu, C., Zhang, Y., 2016. Characteristics of groundwater flow systems after538
the implementation of a large-scale water diversion project in an arid region. J. Hydrol. 541,539
1178–1188. https://doi.org/10.1016/j.jhydrol.2016.08.022540

Carle, S.F., 1999. T-PROGS: Transition Probability Geostatistical Software. University of California,541
Davis.542

Carle, S.F., Fogg, G.E., 1997. Modeling spatial variability with one and multidimensional continuous-543
lag Markov chains. Math. Geol. 29 (7), 891–918. https://doi.org/10.1023/A:1022303706942544

https://doi.org/10.5194/egusphere-2026-6259
Preprint. Discussion started: 22 October 2026
c© Author(s) 2026. CC BY 4.0 License.



30

Cheng, C., Wang, W., Xu, D., Chau, K.W., 2008. Optimizing hydropower reservoir operation using545
hybrid genetic algorithm and chaos. Water Resour. Manage. 22 (7), 895–909.546
https://doi.org/10.1007/s11269-007-9193-9547

Chi, G., Su, X., Lyu, H., Zhang, H., 2022. Prediction and evaluation of groundwater level changes in an548
over-exploited area of the Baiyangdian Lake Basin, China under the combined influence of549
climate change and ecological water recharge. Environ. Res. 212 (Part A), 113104.550
https://doi.org/10.1016/j.envres.2022.113104551

Cui, B., Yang, Z., 2002. Wetland degradation and ecological restoration in the Yellow River Delta. J.552
Hydrol. 260 (1-4), 183–197. https://doi.org/10.1016/S0022-1694(01)00613-7553

de Marsily, G., Delay, F., Gonçalvès, J., Renard, P., Teles, V., Violette, S., 2005. Dealing with spatial554
heterogeneity. Hydrogeol. J. 13 (1), 161–183. https://doi.org/10.1007/s10040-004-0432-3555

Deb, K., 2000. An efficient constraint handling method for genetic algorithms. Comput. Methods Appl.556
Mech. Eng. 186 (2-4), 311–338. https://doi.org/10.1016/S0045-7825(99)00389-8557

Deutsch, C.V., Journel, A.G., 1998. GSLIB: Geostatistical Software Library and User's Guide, second558
ed. Oxford University Press, New York.559

Famiglietti, J.S., 2014. The global groundwater crisis. Nat. Clim. Change 4 (11), 945–948.560
https://doi.org/10.1038/nclimate2425561

Fang, G., Yuan, Y., Gao, Y., Huang, X., Guo, Y., 2018. Assessing the performance of quota-based water562
allocation in a transboundary river basin: A case study of the Yellow River Basin, China. Water563
10 (9), 1126. https://doi.org/10.3390/w10091126564

Fiori, A., Janković, I., Dagan, G., 2007. Flow and transport in highly heterogeneous formations: 1.565
Conceptual framework and validity of first-order approximations. Water Resour. Res. 43 (5),566
W05402. https://doi.org/10.1029/2006WR004902567

Freeze, R.A., Massmann, J., Smith, L., Sperling, T., James, B., 2021. The influence of heterogeneity and568
anisotropy on groundwater flow systems: a numerical experiment. J. Hydrol. 593, 125887.569
https://doi.org/10.1016/j.jhydrol.2020.125887570

Gelhar, L.W., 1993. Stochastic Subsurface Hydrology. Prentice Hall, Englewood Cliffs, NJ.571
Gong, H., Pan, Y., Zheng, L., Li, X., Zhu, L., Zhang, C., Huang, Z., Li, Z., Wang, H., Zhou, C., 2018.572
Long-term groundwater storage changes and land subsidence development in the North China Plain573
(1971–2015). Hydrogeol. J. 26 (5), 1417–1427. https://doi.org/10.1007/s10040-018-1768-4574
Harp, D.R., Vesselinov, V.V., 2013. Contaminant remediation decision analysis using information theory.575

Stoch. Environ. Res. Risk Assess. 27 (7), 1597–1609. https://doi.org/10.1007/s00477-013-0696-576
z577

He, L., Huang, G., Lu, H., 2009. A coupled simulation-optimization approach for groundwater578
remediation design under uncertainty: an application to a petroleum-contaminated site. Environ.579
Pollut. 157 (8-9), 2485–2492. https://doi.org/10.1016/j.envpol.2009.03.011580

Hill, M.C., Tiedeman, C.R., 2007. Effective Groundwater Model Calibration: With Analysis of Data,581
Sensitivities, Predictions, and Uncertainty. John Wiley & Sons, Hoboken, NJ.582

Hsu, N.-S., Cheng, K.-W., 2002. Network flow optimization model for basin-scale water supply planning.583
J. Water Resour. Plann. Manage. 128 (2), 102–112. https://doi.org/10.1061/(ASCE)0733-584
9496(2002)128:2(102)585

Huang, T., Pang, Z., 2011. The role of deuterium excess in determining the water salinisation mechanism:586
a case study of the arid Tarim River Basin, NW China. Appl. Geochem. 27 (12), 2382–2388.587
https://doi.org/10.1016/j.apgeochem.2011.09.012588

https://doi.org/10.5194/egusphere-2026-6259
Preprint. Discussion started: 22 October 2026
c© Author(s) 2026. CC BY 4.0 License.



31

Kendy, E., Zhang, Y., Liu, C., Wang, J., Steenhuis, T., 2004. Groundwater recharge from irrigated589
cropland in the North China Plain: case study of Luancheng County, Hebei Province, 1949–2000.590
Hydrol. Process. 18 (12), 2289–2302. https://doi.org/10.1002/hyp.5529591

Knowling, M.J., White, J.T., Moore, C.R., 2019. Role of model parameterization in risk-based decision592
support: An aquifer remediation case study. Water Resour. Res. 55 (11), 8940–8965.593
https://doi.org/10.1029/2019WR025266594

Koltermann, C.E., Gorelick, S.M., 1996. Heterogeneity in sedimentary deposits: A review of structure-595
imitating, process-imitating, and descriptive approaches. Water Resour. Res. 32 (9), 2617–2658.596
https://doi.org/10.1029/96WR00025597

Konikow, L.F., Kendy, E., 2005. Groundwater depletion: A global problem. Hydrogeol. J. 13 (1), 317–598
320. https://doi.org/10.1007/s10040-004-0411-8599

Li, X., Li, J., Zhang, L., Jiang, S., 2017. Evaluating the effectiveness of managed aquifer recharge in the600
North China Plain using a numerical model. Hydrogeol. J. 25 (8), 2341–2355.601
https://doi.org/10.1007/s10040-017-1626-9602

Lin, Y.C., Hwang, K.S., Wang, F.S., 2004. A mixed-coding scheme of evolutionary algorithms to solve603
mixed-integer nonlinear programming problems. Comput. Math. Appl. 47 (8-9), 1295–1307.604
https://doi.org/10.1016/S0898-1221(04)90123-3605

Liu, J., Zheng, C., Zheng, L., Lei, Y., 2008. Groundwater depletion in the North China Plain. Ground606
Water 46 (6), 1102–1113. https://doi.org/10.1111/j.1745-6584.2008.00471.x607

Liu, J., Zang, C., Tian, S., Liu, J., Yang, H., Jia, S., You, L., Liu, B., Zhang, M., 2013. Water conservancy608
projects in China: achievements, challenges and way forward. Glob. Environ. Change 23 (3),609
633–643. https://doi.org/10.1016/j.gloenvcha.2013.02.002610

Liu, J., Zheng, C., Zheng, L., Lei, Y., 2021. Groundwater sustainability in the North China Plain:A review.611
Environ. Res. Lett. 16 (5), 053005. https://doi.org/10.1088/1748-9326/abf20d612

Liu, Y., Zheng, C., 2021. Quantifying the impact of aquifer heterogeneity on managed aquifer recharge613
efficiency.Water Resour. Res. 57 (5), e2020WR028747. https://doi.org/10.1029/2020WR028747614

Long, D., Yang, W., Scanlon, B.R., Zhao, J., Liu, D., Burek, P., Pan, Y., You, L., Wada, Y., 2020. South-615
to-North Water Diversion stabilizing Beijing’s groundwater levels. Nat. Commun. 11 (1), 3665.616
https://doi.org/10.1038/s41467-020-17428-6617

Matott, L.S., Babendreier, J.E., Purucker, S.T., 2009. Evaluating uncertainty in integrated environmental618
models: A review of concepts and tools. Water Resour. Res. 45 (6), W06421.619
https://doi.org/10.1029/2008WR007301620

McDonald, M.G., Harbaugh, A.W., 1988. A modular three-dimensional finite-difference ground-water621
flow model. In: US Geological Survey Techniques of Water-Resources Investigations, Book 6,622
Chapter A1.623

Proce, C.J., Ritzi, R.W., Dominic, D.F., Dai, Z., 2004. Modeling multiscale heterogeneity and aquifer624
interconnectivity. Ground Water 42 (5), 658–670. https://doi.org/10.1111/j.1745-625
6584.2004.tb02718.x626

Reed, P.M., Hadka, D., Herman, J.D., Kasprzyk, J.R., Kollat, J.B., 2013. Evolutionary multiobjective627
optimization in water resources: The past, present, and future. Adv. Water Resour. 51, 438–456.628
https://doi.org/10.1016/j.advwatres.2012.01.005629

Renard, P., Allard, D., 2013. Connectivity metrics for subsurface flow and transport. Adv. Water Resour.630
51, 168–196. https://doi.org/10.1016/j.advwatres.2012.04.004631

Ritzi, R.W., Dominic, D.F., Conrad, C.M., 2007. Modeling aquifer heterogeneity at the mesoscale using632

https://doi.org/10.5194/egusphere-2026-6259
Preprint. Discussion started: 22 October 2026
c© Author(s) 2026. CC BY 4.0 License.



32

nonstationary Markov chains. Water Resour. Res. 43 (4), W04424.633
https://doi.org/10.1029/2006WR005222634

Ritzi, R.W., Dai, Z., Dominic, D.F., Rubin, Y.N., 2004. Spatial correlation of permeability in cross-635
stratified sediment with hierarchical architecture. Water Resour. Res. 40 (3), W03513.636
https://doi.org/10.1029/2003WR002420637

Rubin, Y., 2003. Applied Stochastic Hydrogeology. Oxford University Press, New York.638
Singh,A., 2014. Simulation–optimization modeling for conjunctive water use management. Agric. Water639

Manage. 141, 23–29. https://doi.org/10.1016/j.agwat.2014.04.003640
Singh, A., 2014. Simulation and optimization modeling for the management of groundwater resources.641

II: Combined applications. J. Irrig. Drain. Eng. 140 (4), 04014002.642
https://doi.org/10.1061/(ASCE)IR.1943-4774.0000688643

Singh, A., Minsker, B.S., 2008. Uncertainty-based multiobjective optimization of groundwater644
remediation design. Water Resour. Res. 44 (2),W02404. https://doi.org/10.1029/2006WR005531645

Sophocleous, M., 2000. From safe yield to sustainable development of water resources—the Kansas646
experience. J. Hydrol. 235 (1-2), 27–43. https://doi.org/10.1016/S0022-1694(00)00263-8647

Taylor, R.G., Scanlon, B., Döll, P., Rodell, M., Van Beek, R., Wada, Y., Longuevergne, L., Leblanc, M.,648
Famiglietti, J.S., Edmunds, M., 2013. Ground water and climate change. Nat. Clim. Change 3 (4),649
322–329. https://doi.org/10.1038/nclimate1744650

Wada, Y., Van Beek, L.P.H., Bierkens, M.F.P., 2012. Nonsustainable groundwater sustaining irrigation:651
A global assessment. Water Resour. Res. 48 (6), W00L06.652
https://doi.org/10.1029/2011WR010562653

Wang, W., Li, J., Feng, X., 2020. Modeling groundwater recovery in the Baiyangdian area after654
ecological water replenishment. J. Hydrol. 590, 125248.655
https://doi.org/10.1016/j.jhydrol.2020.125248656

Wang, X., Zhang, J., Shahid, S., Guan, E., Wu, Y., Gao, J., He, R., 2016. The SWAT model and its657
application in the sustainable water resource management in China. J. Hydrol. 537, 1–15.658
https://doi.org/10.1016/j.jhydrol.2016.02.027659

Weissmann, G.S., Fogg, G.E., 1999. Multi-scale alluvial fan heterogeneity modeled with transition660
probability geostatistics in a sequence stratigraphic framework. J. Hydrol. 226 (1–2), 48–65.661
https://doi.org/10.1016/S0022-1694(99)00160-2662

Weissmann, G.S., Carle, S.F., Fogg, G.E., 2002. Three-dimensional hydrofacies modeling based on soil663
surveys and transition probability geostatistics. Water Resour. Res. 38 (11), 1246.664
https://doi.org/10.1029/2001WR000974665

Wu, Z.Y., Simpson, A.R., 2001. Competent genetic algorithm optimization of water distribution systems.666
J. Comput. Civ. Eng. 15 (2), 89–101. https://doi.org/10.1061/(ASCE)0887-3801(2001)15:2(89)667

Wu, Z.Y., Simpson, A.R., 2005. A self-adaptive penalty approach for constrained genetic algorithm668
optimization in water distribution system design. J. Water Resour. Plann. Manage. 131 (5), 392–669
398. https://doi.org/10.1061/(ASCE)0733-9496(2005)131:5(392)670

Xia, J., Zhang, Y., Zhan, C., Ye,A., 2011.Water quality management in China: the case of the Huai River671
Basin. J. Hydrol. 405 (3-4), 189–199. https://doi.org/10.1016/j.jhydrol.2011.05.026672

Zarlenga, A., Fiori, A., Russo, D., 2018. On the relative role of heterogeneity and boundary conditions673
on the predicted spatial moments of conservative solutes. Adv. Water Resour. 115, 167–175.674
https://doi.org/10.1016/j.advwatres.2018.03.007675

Zhang, Q., Sun, H., Wang, Y., 2022. Hydrogeological characteristics and groundwater sustainability of676

https://doi.org/10.5194/egusphere-2026-6259
Preprint. Discussion started: 22 October 2026
c© Author(s) 2026. CC BY 4.0 License.



33

the Western Baiyangdian Plain. J. Hydrol.: Reg. Stud. 41, 101078.677
https://doi.org/10.1016/j.ejrh.2022.101078678

Zhang, Y., Li, C., Wang, H., Fei, Y., 2014. Impact of South-to-North Water Diversion on groundwater679
dynamics in the North China Plain: a numerical modeling approach. J. Hydrol. 519, 2118–2130.680
https://doi.org/10.1016/j.jhydrol.2014.09.073681

Zhang, Z., Wang, W., Gong, C., Zhang, J., Wang, Z., 2009. Assessment of groundwater resource682
sustainability in North China Plain. J. Groundwater Sci. Eng. 27 (3), 193–199. (Note: Journal683
name and volume/page formatting retained as provided; DOI or standard journal information684
recommended if available.)685

Zhou, H., Gómez-Hernández, J.J., Li, L., 2014. Inverse methods in hydrogeology: Evolution and recent686
trends. Adv. Water Resour. 63, 22–37. https://doi.org/10.1016/j.advwatres.2013.10.014687

688

https://doi.org/10.5194/egusphere-2026-6259
Preprint. Discussion started: 22 October 2026
c© Author(s) 2026. CC BY 4.0 License.


