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Abstract 
Groundwater, the planet's largest accessible freshwater reserve, faces escalating 
depletion due to urbanization, agriculture (consuming ~70% of supplies), and 
climate change, with global demand projected to rise 20–30% by 2050. This 
review synthesizes advances in hydrogeological modeling for sustainable aquifer 
management, tracing the evolution from analytical to numerical and hybrid AI-
integrated frameworks. Key governing equations, such as the 3D saturated flow 
model based on Darcy's Law and mass conservation, underpin simulations in tools 
like MODFLOW (finite-difference) and FEFLOW (finite-element), each suited to 
specific complexities (e.g., regional vs. multi-physics). Essential data inputs include 
hydraulic properties (conductivity, transmissivity), piezometric levels, and 
recharge/discharge patterns, while managed aquifer recharge (MAR) emerges as a 
critical intervention, enhanced by machine learning for site optimization and 
performance prediction. Challenges like seawater intrusion, land subsidence, and 
model uncertainty are addressed through socio-hydrogeological integration and 
participatory governance aligned with SDGs. Future directions emphasize coupled 
Earth system models and global intercomparisons (e.g., ISIMIP) to mitigate 
overexploitation and ensure resilience in interconnected human-water systems. 
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INTRODUCTION
1. The Imperative of Groundwater 
Sustainability in the Anthropocene 
Groundwater represents Earth's largest non-
frozen freshwater reservoir, serving as a critical 
buffer for water supply security in the face of 
escalating climatic and anthropogenic pressures 
(Zanini & Celico, 2025). As the global 
population continues to expand and urbanization 
accelerates, the reliance on subsurface resources 
has shifted from a supplemental source to a 
primary lifeline for domestic, agricultural, and 
industrial sectors (Brindha et al., 2019). 
Currently, agriculture alone consumes 

approximately 70% of the global water supply, 
with the remaining 30% divided between 
industrial and domestic use. Projections indicate 
that global water demand will increase by 20% to 
30% by 2050, potentially reaching volumes of 
5,500 to 6,000 cubic kilometers per year (Pattison 
& Cooke, 2024). This trajectory places immense 
stress on aquifer systems, many of which are 
already experiencing unprecedented rates of 
depletion due to over-extraction and disrupted 
recharge patterns (Gantayat et al., 2025). 
The management of these systems has historically 
been hindered by the "invisible" nature of 
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groundwater, leading to a neglect of its dynamics 
in large-scale hydrological models and political 
agendas (Gleeson et al., 2020). However, the 
emergence of sophisticated hydrogeological 
modeling tools has provided a framework for 
visualizing and quantifying these subsurface 
processes, transitioning the field from a reactive 
discipline to a proactive science of sustainability 
(Basel et al., 2022). Sustainable management is 
no longer defined solely by the physical state of 
the aquifer but is increasingly viewed through the 
lens of groundwater-connected systems, which 
encompass the social, ecological, and economic 
feedback loops that interact with physical 
groundwater bodies (Huggins et al., 2023). 
 

2. Conceptual Foundations and the Transition 
to Numerical Frameworks 
The evolution of hydrogeological assessment is 
characterized by a significant progression from 
analytical models to high-fidelity numerical and 
hybrid approaches (Dai et al., 2025). In its early 
stages, the field relied on analytical models 
simplified mathematical representations of 
groundwater behavior that typically assumed 
homogeneity and constant properties in space 
and time (Wali et al., 2024). While these models 
provided fundamental conceptual clarity, they 
were often confined to localized flow systems and 
lacked the capacity to address the spatial 
complexity and heterogeneity inherent in real-
world aquifer systems (Razavi et al., 2025). 

 

 
Figure 1. Conceptualization of Multi-Layered Aquifer Systems, Flow Paths, and Well Dynamics in 

Heterogeneous Subsurface Environments. 
 
The shift toward numerical modeling was 
catalyzed by the need for greater precision in 
simulating complex flow and contaminant 
transport in heterogeneous subsurface 
environments. Numerical models discretize the 

aquifer into a grid or mesh, allowing for the 
representation of varying hydraulic properties 
and irregular boundary conditions (Regnier et al., 
2022). 
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Table 1: Overview of Groundwater Modeling Paradigms 
Modeling 
Paradigm 

Characteristics Analytical Basis Primary Limitations 

Analytical Closed-form solutions, 
simplified geometry, 
homogeneous media. 

Darcy's Law, Theis 
Equation. 

Inability to capture spatial 
heterogeneity or irregular 
boundaries. 

Numerical Discretized domains 
(grids/meshes), handles 
anisotropy, 3D simulations. 

Finite Difference, 
Finite Element 
methods. 

High data requirements, 
computational intensity. 

Hybrid/GeoAI Integration of physical models 
with AI/ML and remote 
sensing. 

Model-Data Fusion, 
Deep Learning. 

Interpretability challenges, 
"black-box" perceptions. 

 
3. Mathematical Governing Equations and 
Dimensional Complexity 
At the core of any hydrogeological numerical 
model lies the governing equation for three-
dimensional saturated flow in porous media. 
Derived from the principles of mass conservation 
and Darcy's Law, this equation describes how 
hydraulic head evolves over time in response to 
spatial variations in hydraulic conductivity and 
external stresses (Lee, 2024). 
The standard form of the governing equation, 
written in simple text, is: 
 
Ss · (dh/dt) = d/dx (Kxx · dh/dx) + d/dy (Kyy · 
dh/dy) + d/dz (Kzz · dh/dz) + W 
In this expression: 
• h represents the hydraulic head. 
• t denotes time. 
• Kxx, Kyy, and Kzz are the principal 
components of the hydraulic conductivity tensor 
in the x, y, and z directions, respectively. 
• Ss is the specific storage of the porous 
medium. 
• W is the volumetric flux per unit volume, 
representing sources and/or sinks of water (e.g., 
recharge or pumping). 
Solving this partial differential equation requires 
the specification of appropriate initial and 

boundary conditions. Initial conditions define 
the distribution of hydraulic head at the 
beginning of the simulation, while boundary 
conditions describe the interactions between the 
modeled domain and its surrounding 
environment (O’Sullivan et al., 2022). 
 
4. Comparative Analysis of Modeling Software: 
MODFLOW vs. FEFLOW 
The choice of modeling software is a critical 
decision in hydrogeological projects, often 
dictated by the complexity of the geological 
setting and project objectives. MODFLOW and 
FEFLOW are the two most prominent platforms 
globally, each utilizing a distinct mathematical 
approach to solve the groundwater flow 
equations (Chang. 2025). 
MODFLOW, developed by the U.S. Geological 
Survey (USGS), is a modular finite-difference 
groundwater model. It is the most widely used 
3D groundwater flow software, primarily due to 
its open-source nature and acceptance by 
government agencies worldwide (Kumar, 2019). 
FEFLOW (Finite Element subsurface FLOW 
system) utilizes the finite-element method, which 
offers superior flexibility in modeling complex 
geometry and coupled phenomena (Shah al., 
2026). 
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Table 2: Comparison of MODFLOW and FEFLOW Software Platforms 
Feature MODFLOW FEFLOW 
Mathematical 
Method 

Finite Difference (modular). Finite Element. 

Grid/Mesh Type Structured (standard) or Unstructured 
(USG). 

Unstructured, flexible mesh. 

Primary Strength Wide acceptance, approachable GUI, 
regional efficiency. 

Geometric flexibility, coupled processes 
(heat/solute). 

Ideal Application Government reporting, regional 
management. 

Complex watersheds, multi-physics 
research. 

Usability Moderate (experience-dependent). High GUI integration (steeper learning 
curve). 

 
5. Data Requirements for Robust Aquifer 
Simulation 
The accuracy of a hydrogeological model is 
fundamentally limited by the data available for its 
construction and calibration. A robust simulation 
requires a comprehensive synthesis of both the 
physical and hydrological frameworks of the 
system (Borzì, 2025). 
Hydrological data describes the dynamic behavior 
of water and includes: 
• Hydraulic Properties: Hydraulic 
conductivity (K), transmissivity (T), and storativity 
(S) are typically determined through field-based 
techniques like pumping tests and geophysical 
surveys (Bai et al., 2018). 
• Piezometric Monitoring: Time-series of 
groundwater levels are essential for setting initial 
conditions and for the calibration-validation 
process (Tamayo-Mas et al., 2018). 
• Recharge and Discharge Patterns: 
Quantifying the rate and spatial distribution of 

water entering the aquifer is critical for 
sustainability planning (Manzoni et al., 2024). 
 
6. Managed Aquifer Recharge (MAR) and 
Sustainable Yield 
As natural recharge patterns are disrupted by 
climate change, Managed Aquifer Recharge 
(MAR) has emerged as a vital technology for 
replenishing groundwater through artificial 
means. MAR systems aim to improve water 
security by storing surplus water in subsurface 
aquifers during wet periods for use during 
droughts (Rozikulov et al., 2025). 
The design and management of MAR projects 
are increasingly supported by machine learning 
(ML) methodologies. ML models are employed to 
predict MAR performance factors, optimize 
injection rates, and evaluate the suitability of 
potential recharge sites based on complex 
hydrogeological and climatic factors (Sheik et al., 
2024). 
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Figure 2. Categorization of Managed Aquifer Recharge (MAR) Methodologies: Subsurface Injection, 

Surface Infiltration, and Specialized Soil Aquifer Treatment (SAT). 
 
7. Modeling Saltwater Intrusion and Coastal 
Vulnerability 
Coastal aquifers provide freshwater for 
approximately 40% of the world's population, yet 
they are increasingly threatened by saltwater 

intrusion (SWI). Numerical modeling is an 
indispensable tool for managing these systems, 
particularly through variable-density flow codes 
(Perumal et al., 2024). 

 
Table 3: Numerical Tools for Coastal Saltwater Intrusion 
SWI Modeling 
Tool 

Mathematical Approach Specific Application 

SEAWAT Fully coupled variable-density flow and 
transport. 

Detailed 3D interface dynamics, heat 
plumes. 

SUTRA Finite-element fluid-saturated porous 
media. 

Complex 2D/3D density-dependent 
flow. 

SWI2 
(MODFLOW) 

Reduced-order, vertically averaged density. Rapid regional assessment, SLR 
scenarios. 

 
8. Land Subsidence and Aquifer-System 
Compaction 
A critical consequence of groundwater over-
extraction is land subsidence the sinking of the 
ground surface due to the compaction of fine-
grained interbeds within an aquifer system. 
Modeling land subsidence is essential for 
protecting infrastructure and managing regional 
water stress (Mohamed, 2025). A study 
integrating climate change scenarios (CMIP6) 
and water demand projections (SSPs) found that 
future subsidence is primarily driven by socio-
economic factors (water demand) rather than 
direct climate change effects (Tabari et al., 2025). 

 
9. The Rise of Artificial Intelligence and 
Machine Learning in Hydrogeology 
The integration of Artificial Intelligence (AI) and 
Machine Learning (ML) into hydrogeological 
workflows represents a paradigm shift. ML 
algorithms are being deployed to manage the 
complexity and non-linearity of aquifer systems 
(Kuhaneswaran et al., 2025). 
 
• Predictive Monitoring: ML models like 
Long Short-Term Memory (LSTM) networks have 
shown success in forecasting groundwater levels, 
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outperforming traditional conceptual models 
(Kumar, 2019). 
• Model-Data Fusion: ML is used to 
quantify model uncertainty through techniques 
like Bayesian Model Averaging (Regnier et al., 
2022). 
 
10. Remote Sensing and GRACE Satellite 
Gravimetry 
In many regions, remote sensing (RS) has 
emerged as a crucial tool for filling data gaps. The 
Gravity Recovery and Climate Experiment 
(GRACE) provides estimates of changes in 
Terrestrial Water Storage (TWS) through 
variations in the Earth's gravity field (Huggins et 
al., 2023). GRACE data assimilation (DA) into 
numerical models allows for a more accurate 
representation of climate-driven changes and 

anthropogenic influences, such as irrigation-
induced depletion (Mahadeva & Sindhushree, 
2025). 
 
11. Socio-Hydrogeology and the Human 
Dimensions of Groundwater 
Sustainable groundwater management is 
fundamentally a social challenge. Socio-
hydrogeology seeks to understand the reciprocal 
interactions between human behavior and 
groundwater systems (Gleeson et al., 2020). 
Effective policy integration requires transitioning 
to "participatory governance," where 
hydrogeologists bridge technical simulation and 
social action. This framing supports the 
Sustainable Development Goals (SDGs), 
particularly SDG 6 (Clean Water and Sanitation) 
(Pattison & Cooke, 2024). 

 

 
Figure 3. A Multi-Pillar Framework for Sustainable Groundwater Stewardship: Integrating Analytical 

Modeling, Social Participation, and Iterative Uncertainty Management. 
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12. Uncertainty, Calibration, and 
Methodological Limitations 
Despite sophisticated models, significant 
uncertainties remain regarding data quality and 
poorly quantified human influences. Dynamic 
frameworks are increasingly preferred because 
they can account for the evolving nature of both 
climatic inputs and anthropogenic pressures (He 
et al., 2025). Coupled dynamic-spatial modeling 
has been used to forecast the evolution of 
groundwater vulnerability, showing how risk 
zones expand as urbanization and reduced 
recharge converge (McMillan et al., 2018). 
 
13. Future Outlook: Toward Integrated Earth 
System Modeling 
The future of hydrogeological modeling is 
moving toward "integrated" or "coupled" Earth 
system models that simulate the entire terrestrial 
water cycle from the atmosphere to deep aquifers 
(Gantayat et al., 2025). This includes global 
intercomparison projects like ISIMIP, which 
combine multiple models to reduce uncertainty 
in climate projections. Achieving sustainable 
groundwater management requires not only 
advanced numerical codes but also a 
commitment to data transparency and 
community engagement (Zanini & Celico, 2025). 
 
Conclusion 
Hydrogeological modeling has transformed from 
simplistic analytical tools to sophisticated 
numerical and AI-augmented platforms, enabling 
proactive sustainable management of aquifer 
systems amid escalating anthropogenic and 
climatic pressures. By integrating physical 
equations with high-resolution data on hydraulic 
properties, recharge dynamics, and human 
impacts, models like MODFLOW and FEFLOW 
provide essential insights for quantifying 
depletion risks, optimizing MAR schemes, and 
forecasting vulnerabilities such as seawater 
intrusion and subsidence. However, persistent 
uncertainties in data quality and social feedbacks 
underscore the need for socio-hydrogeological 
approaches that foster participatory governance 
and align with global sustainability goals (e.g., 
SDG 6). As demand surges toward 6,000 

km³/year by 2050, the path forward lies in 
coupled Earth system simulations, enhanced data 
fusion, and interdisciplinary collaboration to 
safeguard groundwater as a resilient buffer for 
food security, ecosystems, and human well-being 
in an increasingly water-stressed world.2.4sExpert 
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