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ABSTRACT

Groundwater contamination is an issue of severe concern in any area. Particularly, in
areas where groundwater also happens to be a source of potable water in addition to
surface water, the threat to the environment becomes even more imminent. In this context,
groundwater modelling happens to be the only feasible option to prevent such
contamination in future. Out of the various software used MODFLOW stands out tall
compared to the others. MODFLOW offers an easy-to-use interface and provides
comprehensive analysis of the dispersion pattern of groundwater by offering simplified
pre-processing, simulation, and post-processing operations. The present paper presents a
thorough review of Processing MODFLOW (PM), including its applications,
developments, and limitations. The exhaustive review points to its various applications,
ranging from groundwater resource management to contaminant transport modelling,
climate change-oriented assessments and urban and agricultural water management. New
developments in the form of integration with GIS and remote sensing, enhanced
computational efficiency, and better user interfaces are presented and they demonstrate
how Processing MODFLOW has been able to adapt to contemporary hydro geological
research and also yield highly dependable results with high degree of accuracy. The
current paper also makes an attempt to compare Processing MODFLOW with other
available groundwater model tools and also highlight its unique combination new
advanced technologies such as artificial intelligence and machine learning to produce
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even more accurate predictions. Through integration of existing knowledge and
resolution of major challenges, this review seeks to present a balanced view of the
strength and limitations of Processing MODFLOW, including valuable lessons for
researchers, practitioners, and policymakers involved in groundwater modelling. The
results highlight the need for ongoing innovation and cooperation to further develop the
usefulness of Processing MODFLOW in the management of global water resource issues
and thus to reduce the effects of groundwater contamination much more.

Keywords: Processing MODFLOW, Groundwater Modelling, Groundwater
Management, Numerical Simulation, Contaminant Transport.

INTRODUCTION

Groundwater is among the most critical natural resources, supporting ecosystems,
agriculture, industry, and human settlements globally (Belhadj et al., 2017; Zegait et al.,
2021; Remini, 2025). It provides about 30% of the global freshwater and acts as a
fundamental buffer against drought and climate variability. Nevertheless, the growing
water demand, combined with the effects of climate change, pollution, and over-
extraction, has put enormous stress on groundwater systems (Kheliel et al., 2015; Aroua,
2018; Sharma, et al., 2021; Aroua, 2022; Aroua, 2023; Lachache et al, 2023). Proper
management of such resources is necessary to sustain them as well as protect against the
risks involved in their depletion or contamination (Mondal et al., 2022). Groundwater
mapping, zoning, and modelling has proved itself to be a useful and valuable tool for
deciphering the intricate dynamics of subsurface water systems (Paulo-Monteiro and
Costa-Manuel, 2004; Koussa and Berhail, 2021; Jaiswal et al., 2023; Deb, 2024). Through
the modelling of groundwater flow and transport, such models can reveal aquifer
behaviour, such as level fluctuations (Rajput et al., 2023), forecast the effects of human
actions, and support decision-making in the sustainable management of water resources
(Boutebba et al., 2014; Bahir et al., 2015; Laghzal et al., 2019; Jayasena et al., 2021; Wali
et al., 2024; Kezzar and Souar, 2024). Groundwater models find applications across a
broad spectrum, from the determination of its origin, estimation of the recharge (Chibane
and Ali-Rahmani, 2015; Bemmoussat et al, 2017), the amount of water available for
irrigation and drinking to the estimation of the contamination spread, and remediation
design (Saadi et al., 2014; El Moukhayar et al., 2017; Sharma et al., 2020; Later and
Labadi, 2024). They also have an important role to play in solving international problems
like climate change adaptation, land-use planning, sustainable management (Bahir et al.,
2015; Pandey et al., 2022; Kouloughli and Telli, 2023), and protecting ecosystems (Ouis,
2012; Kouassi et al., 2013; Assemian et al, 2021; Qureshi et al., 2024).

Among the tools of groundwater modelling available, the United States Geological
Survey (USGS)-developed Modular Finite-Difference Flow Model (MODFLOW) has
been one of the most popular and reliable packages (Fadlallah, 2020). Since its release in
the 1980s, MODFLOW has been the de facto standard for groundwater flow simulation
in porous media (Vellando et al., 2020). Its modular design, open-source code, and
ongoing updates have established it as a flexible and strong tool for researchers,
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engineers, and policymakers. MODFLOW has been used in various hydrogeological
conditions, from small-scale local aquifers to large-scale regional systems, and has played
a key role in solving intricate water management issues (Wali et al., 2024).

Despite its strengths, MODFLOW has traditionally required significant expertise to use
effectively. The preparation of input data, execution of simulations, and interpretation of
results can be time-consuming and technically demanding (Ntona et al., 2022). This has
limited its accessibility to non-expert users and hindered its broader adoption in some
contexts (Banta and Paschke, 2011). To address these challenges, Processing
MODFLOW was developed as a user-friendly interface that simplifies and enhances the
use of MODFLOW for groundwater modelling (Dongre, 2022). This paper aims to
provide a balanced and insightful perspective on Processing MODFLOW, offering
valuable guidance for researchers, practitioners, and policymakers involved in
groundwater modelling. The findings of this review will contribute to a deeper
understanding of the tool’s strengths and weaknesses, while also highlighting its potential
to address pressing water resource challenges in the future (Dube et al., 2023).

OVERVIEW OF MODFLOW AND PROCESSING MODFLOW

The United States Geological Survey's (USGS) Modular Finite-Difference Flow Model
(MODFLOW) has a long and diverse history that traces back to the early 1980s. It was
first built to model groundwater flow in porous media through a finite-difference
framework (Konikow et al., 2006). MODFLOW has, over the years, become one of the
most applied and reliable groundwater modelling software, with regular updates and
improvements to respond to new hydrological challenges (Ntona et al., 2022). Its modular
design facilitates the addition of new features and functionalities, hence its flexibility
across a broad array of applications (Langevin et al., 2024).

The development of MODFLOW was motivated by the necessity of having a flexible and
powerful tool capable of accurately simulating groundwater systems. Initial MODFLOW
versions aimed to simulate groundwater flow in steady-state and transient conditions
within confined and unconfined aquifers (Deyet et al., 2023). More advanced modules
have been added with time to represent more intricate processes, including solute
transport, variable-density flow, and surface water-groundwater interactions. The open-
source status of MODFLOW has facilitated extensive usage and cooperation among the
scientific community, resulting in its use across various disciplines such as hydrology,
environmental engineering, and water resources management.

Major advantages of MODFLOW include the capability of accommodating large and
intricate aquifer systems, multidimensionality to support various boundary conditions,
and adaptability in data formats (Langevin et al., 2024). The package system makes the
user able to design simulations tailored to the user's needs based on specific selection
from packages available, such as River Package, Well Package, and Recharge Package,
in line with their research needs (Glass et al., 2022). MODFLOW's versatility and
credibility have established it as a staple of groundwater modelling, with applications that
span local-scale aquifer studies to regional-scale water resource appraisals.
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Introduction to processing MODFLOW

Although it has its advantages, MODFLOW!'s technical intensity and high learning slope
have become daunting to many users, especially those with no prior programming or
modelling background (Makhlouf et al., 2024). To overcome these obstacles, Processing
MODFLOW was created as a graphical user interface (GUI) that eases the application of
MODFLOW in groundwater modelling (Prabhakar, 2023). MODFLOW processing gives
an easy-to-use platform for building, executing, and analysing MODFLOW-based
models so that it becomes available to everyone, such as students, researchers, and water
resource professionals.

It was motivated by the necessity for simplifying the groundwater modelling workflow.
Conventional use of MODFLOW involves preparation of input files manually, running
simulations via command-line interfaces, and post-processing results with other software
tools. Processing MODFLOW packages these steps into an integrated, easy-to-use
environment with less time and effort needed to create and analyse groundwater models
(Dongre, 2022). With automation of repetitive tasks and visualization tools used for input
and output of data, Processing MODFLOW accelerates efficiency and accuracy of
MODFLOW-based simulations (Doherty, 2015).

Processing MODFLOW is an extension of MODFLOW that includes additional features
and functionalities that the basic version lacks. For instance, it has the capability of
integrating geographic information systems (GIS) and remote sensing data to allow users
to include spatial datasets within their models directly (Bakker et al., 2016). It also offers
capabilities for parameter estimation, sensitivity, and uncertainty, which are all critical
for making robust and sound groundwater models (Ntona et al., 2022). Merging the
strengths of MODFLOW with the usability of a modern interface, Processing
MODFLOW is now an unavoidable tool for groundwater modelling (Ntona et al., 2022).
The various timelines of MODFLOW and Processing MODFLOW is depicted as seen in
Fig. 1.

Timeline of MODFLOW
‘ 1980-1988 ‘ ‘ 1990-1996 ‘ ‘ 2000-2001 ‘ ‘ 2010-2017 ‘ 2020-Ascendant
- Processing MODFLOW 6 Cloud
MODFLOW MODFLOW-96 MODFLOW and SEAWAT Computing
Release Update GUI Integration Suppeort

Figure 1: Timeline of MODFLOW and processing MODFLOW evolution
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Key components of processing MODFLOW

MODFLOW processing is meant to automate the entire groundwater model workflow,
from pre-processing to post-processing. Processing MODFLOW supports preparation of
input data, model geometry definition, and hydraulic properties assignment to model
layers (Tilahun, 2024). The user can import spatial information like elevation maps and
well locations, and set boundary conditions through an easy-to-use graphical interface
(Winston, 2009). The software also does grid generation and file formatting
automatically, minimizing errors and saving time. MODFLOW can be processed using
MODFLOW directly within the GUI by users, which does not require command-line
interfaces interface (Winston, 2009). It also supports a large variety of MODFLOW
packages such as flow, transport, and surface water-groundwater interaction packages
(Ntona et al., 2022). The settings of simulations, including convergence criteria and time
steps, may also be controlled by users via an easy-to-use interface (Hughes et al, 2022).

Processing MODFLOW Workflow

»‘ Simulation

Data Input Result

Visualization

Grid Generation

= o

A

Import spatial
datasets

b

A4

T

Define model
geometry

Run
MODFLOW

Generate maps,
cross-sections

) 4 o

‘ GIS & Remote Sensing Integration

Figure 2: Workflow diagram of processing MODFLOW

Once simulation runs are performed, Processing MODFLOW offers result visualization
and analysis tools. It is possible to create maps, cross-sections, and time-series plots for
interpreting model outputs (Coxet et al., 2013). The software further allows results to be
exported into other formats like GIS files and spreadsheets for additional analysis (Bakker
et al., 2016). MODFLOW's user interface can be processed in an intuitive and user-
friendly manner, even for inexperienced modellers (Fedra et al., 2020). It also interacts
smoothly with other software programs and data sets, including GIS and remote sensing
systems, to perform more full and precise simulations (Bakker et al., 2016). MODFLOW
also has scripting and automation capabilities, permitting sophisticated users to tailor
workflows and enhance its functionality (Pulla, 2024). By integrating these elements,
Processing MODFLOW offers a complete solution for groundwater modelling, from data
preparation to interpretation of results. Its intuitive interface and sophisticated features
make it an essential tool for researchers, practitioners, and policymakers working in water
resource management (Grigg, 2023). The complete workflow diagram and key features
of Processing MODFLOW is mentioned in Fig. 2 and Table 1 respectively.
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Table 1: Key features of Processing MODFLOW

Feature Description Example Application
Graphical User Intuitive GUI for model setup, Simplifying aquifer model
Interface simulation, and result analysis. creation for beginners.

Grid Generation

Supported MODFLOW
Packages

GIS Integration
Result Visualization

Parameter Estimation

Automated creation of model grids

and boundary condition assignment.

Compatibility with flow, transport,
and interaction packages (e.g.,
River, MT3DMS).

Direct incorporation of spatial data
from GIS and remote sensing.
Tools for generating maps, cross-
sections, and time-series plots.
Built-in tools for calibration and
sensitivity analysis (e.g., PEST
module).

Defining a regional aquifer
system layout.

Simulating river-
groundwater interactions.

Mapping recharge rates
using satellite data.
Visualizing contaminant
plume spread over time.
Optimizing hydraulic
conductivity values.

APPLICATIONS OF PROCESSING MODFLOW

MODFLOW processing has gained extensive usage across several disciplines based on
its user-friendly nature, flexibility, and compatibility with other tools. This section
discusses its major applications using case studies and literature examples. Fig. 3 illustrate
the application of Processing MODFLOW in various field of environmental management.

Applications of
Processing MODFLOW

Groundwater Contaminant
Resource Transport Modeling
Management

)
|
High Plains Aguifer, USA
Modeling aguifoer dravwdown

due 1o pumplng (Sephetiesed 205)

Climate Change
Impact Studies

&
.i

Central Valley Aguifer, USA;
Assessing recharge undar
climate scenarios (Faunt, 2009)

>

Mitrate Contamination, Farmiands
Simulating pollutant Mmowemant
(Hunt ot al. 2007)

Urban/Agricultural
Water Management

il

Ogallala Aquifer, USA:
Optimizing imigation strategles
{Sophocleouus, 2005)

Ogallala Aguuifer, USA: Optimaizing irrigation strategies
(Sophocleous, 2005)

Figure 3: Applications of processing MODFLOW
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Groundwater resource management

Groundwater management is one of the major uses of Processing MODFLOW. It allows
for the simulation of aquifer response, evaluation of water availability, and formulation
of sustainable management practices. For instance, within the High Plains Aquifer of the
United States, Processing MODFLOW has been applied to model the effect of
groundwater pumping on aquifer drawdown and to design for conservation (Ntona et al.,
2022). In the same way, in India, it has been used to simulate groundwater recharge and
optimize the rates of extraction in more than exploited aquifers (Kaur et al., 2023).
MODFLOW's capacity to handle spatial data like rainfall and land use makes its
processing very handy for regional-scale groundwater evaluation (Borzi, 2025). For
example, in California, it has been utilized to simulate the impacts of managed aquifer
recharge (MAR) on storage of groundwater in an attempt to alleviate the impacts of
extreme droughts (Wendt et al., 2021). These are testimonies of how the tool has proven
successful in addressing urgent water resource challenges as well as enabling decision-
making (Berrezel et al., 2023).

Contaminant transport modelling

Running MODFLOW is extensively applied for contaminant transport simulation and
groundwater contamination prediction in the movement of pollutants in groundwater
systems. It facilitates users, upon coupling with transport models such as MT3DMS, to
evaluate pollutant spreading and formulate remedial approaches (Wali et al., 2024). For
instance, to simulate the movement of nitrates through the vadose zone and into
groundwater in a study of nitrate contamination in farmlands, Processing MODFLOW
was employed to detect sources of contamination and ensure proper prioritization of
mitigation strategies (Qurban, 2024). Another significant use is in determining industrial
contamination. In a chemical spill case study, Processing MODFLOW was employed to
model the contaminant migration in an aquifer and test the efficiency of pump-and-treat
remediation systems (Mondal et al., 2022). These illustrations point to the tool's capacity
to solve sophisticated contaminant transport issues and assist with environmental
protection measures.

Climate change impact studies

Climate change presents major threats to groundwater systems, such as changed recharge
patterns, sea-level rise, and more frequent extreme weather events (Remini, 2020; Nakou
et al., 2023). MODFLOW processing has played a key role in evaluating these impacts
and designing adaptation measures. For example, in coastal aquifers, it has been applied
to simulate saltwater intrusion under various climate scenarios to determine vulnerable
zones and design mitigation strategies (Basack et al., 2022). Processing MODFLOW was
employed in a Central Valley Aquifer study in California to analyze the impacts of
diminished snowpack and rising temperature on groundwater recharge (Huang et al.,
2024). The findings guided water management planning to sustainably utilize
groundwater under projected future conditions. These uses show the tool's capability for
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incorporating climate information and projecting long-term effects of climate change on
groundwater.

Urban and agricultural water management

MODFLOW processing is an essential function in agricultural and urban water
management through minimizing the environmental impacts and maximizing water use.
For urban settings, it has been utilized to simulate the influence of groundwater pumping
on land subsidence and to construct sustainable water supply systems (Chen et al., 2023).
For instance, in Mexico City, Processing MODFLOW was employed to model the effects
of over-extraction of groundwater on subsidence rates and prompting measures to
conserve water (Chepkemoi, 2024). In agriculture, Processing MODFLOW has been
employed to maximize irrigation strategies and regulate groundwater resources in water-
limited areas. In an analysis of the Ogallala Aquifer in the United States, it was employed
to simulate the effects of irrigation on groundwater levels and to devise techniques of
sustainable agriculture water use (Sophocleous, 2005). Both examples demonstrate the
tool's potential to sustain integrated water resource management in urban and rural
environments.

Other applications

MODFLOW processing has also been utilized in various niche areas, such as geothermal
research, ecosystem management, and mining. It has been used in mining to simulate
dewatering activities and determine the effects of groundwater pumping on adjacent
aquifers (Mondal et al., 2022). For instance, in an Australian coal mining district,
Processing MODFLOW was applied to model the impacts of dewatering on groundwater
systems at the local level and to create mitigation strategies. In geothermal research,
Processing MODFLOW has been employed to simulate heat transport within
groundwater systems and to determine the feasibility of geothermal energy production.
For example, in a model of an Icelandic geothermal reservoir, it was employed to mimic
the flow of heated groundwater and to maximize well location for power production
(Gémez-Diaz et al., 2022). In ecosystem management, Processing MODFLOW has been
utilized to simulate the interactions of groundwater and surface water in wetland systems.
For instance, when researching the Everglades of Florida, it was applied to model water
management practice effects on wetland hydrology and provide input to assist with
ecosystem restoration (Julian et al., 2024). This reveals the utility and capability of the
tool in managing sophisticated hydrologic issues in multiple areas of practice. Table 2
highlights some important case studies with the key finding with respect to some specific
areas.
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Table 2: Case studies of Processing MODFLOW applications

Application Area Study Objective Key Findings Reference
Location
Groundwater High Plains Assess aquifer Identified Sophocleous
Resource Aquifer, USA drawdown sustainable (2005)
Management from pumping. extraction
limits.

Contaminant Farmlands Simulate Detected Hunt et al.
Transport Modeling (unspecified) nitrate contamination (2007)

movement in sources

groundwater. effectively.
Climate Change Central Valley Evaluate Predicted Faunt (2009)
Impact Studies Aquifer, USA  recharge under reduced

climate recharge with
scenarios. warming.
Urban/Agricultural Ogallala Optimize Improved water ~ Sophocleous
Water Management Aquifer, USA irrigation use efficiency. (2005)
strategies.

Ecosystem Everglades, Model Supported Harvey et al.
Management Florida, USA groundwater- wetland (2000)

surface water restoration

interactions. strategies.

ADVANCEMENTS IN PROCESSING MODFLOW

MODFLOW processing has made tremendous improvement over the years, with greater
capabilities and usability and efficiency in use. The section discusses the major
improvements based on references and examples from literature.

Integration with GIS and remote sensing

One of the best developments in MODFLOW in Processing is its interconnection with
Geographic Information Systems (GIS) and remote sensing methods. This ensures that
users have the ability to include spatial data, including elevation, land use, and rain, into
groundwater models directly in order to ensure greater accuracy and realism in their
simulations (Bakker et al., 2016). For instance, GIS information can be utilized to
delineate model boundaries, attribute hydraulic properties, and display results in a spatial
framework (Banta and Paschke, 2011; Saidi et al., 2016; Adja et al., 2021). Remote
sensing information, including satellite imagery and LiDAR, can also be incorporated
into Processing MODFLOW to offer high-resolution inputs for model calibration and
validation (Gangulyet et al., 2023). For example, in a study of groundwater recharge in
semi-arid regions, remote sensing estimates of evapotranspiration were used, which were
then incorporated into a Processing MODFLOW model to enhance recharge estimates
(Babaeiet et al., 2022). Such innovations have rendered Processing MODFLOW a very
useful tool for spatially explicit groundwater modeling.
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Enhanced user interface and usability

MODFLOW processing has come a long way in enhancing its user interface (UI) and
overall user-friendliness, rendering it more user-friendly to non-technical users. The
creation of intuitive graphical user interfaces has streamlined activities like model setup,
calibration of parameters, and visualization of results (Banta and Paschke, 2011). For
instance, users are now able to define model layers, assign boundary conditions, and
execute simulations via drag-and-drop tools and interactive menus (Konikow et al.,
2006). The addition of wizards and tutorials has also reduced the learning curve, allowing
students and professionals in the early stages of their careers to utilize Processing
MODFLOW efficiently (Dongre, 2022). All these advances have democratized access to
groundwater modeling so that many more users can tap into the capabilities of
MODFLOW without needing highly technical skills (Waliet et al., 2024).

Advances in computational efficiency

Improvements in computing efficiency have made it possible for Processing MODFLOW
to process larger and more complicated data sets, minimizing processing time and
enhancing model performance (Zeydalinejad, 2022). For instance, use of parallel
processing methods makes it possible to perform simulation on multi-core processors,
greatly accelerating computation time (Bakker et al., 2016). It is especially useful when
working with large-scale regional models or models of high spatial and temporal
resolution (Deep et al., 2024). Moreover, Processing MODFLOW also accommodates
cloud computing, so users can simulate on remote computers and view outcomes from
anywhere (Doherty, 2015). With these developments, it is possible to solve more
sophisticated hydrologic issues, e.g., simulate the effects of climate change on
groundwater systems or model contaminant transport in heterogeneous aquifers (Hughes
et al, 2022).

New features and modules

Running MODFLOW has added several new features and modules to improve its
performance and meet the needs of developing groundwater modeling. For instance, the
integration with MT3DMS for solute transport modeling enables users to model
contaminant movement in groundwater systems. In the same way, inclusion of SEAWAT
allows variable-density flow to be simulated, which is required for simulating saltwater
intrusion in coastal aquifers (Langevin et al., 2024). Newer updates have also brought
parameter estimation and uncertainty analysis tools, allowing users to better calibrate
models and determine the trustworthiness of their results (Doherty, 2015). For example,
the PEST (Parameter ESTimation) module has been added to Processing MODFLOW,
making it possible for users to automate model parameter calibration and optimization.
These additions have widened the range of Processing MODFLOW, making it a more
powerful and flexible tool for groundwater modeling.
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Interoperability with other software

Processing MODFLOW has enhanced its compatibility with other hydrological and
environmental modeling packages to allow the user to link groundwater models to surface
water models (Mehta and Yadav, 2024), climate models (Nassa et al., 2021; Pang and
Tan, 2023; Mah et al., 2024), and ecosystem models (Bakker et al., 2016). For instance,
compatibility with MODFLOW-NWT enables users to model surface water-groundwater
interaction more precisely, which is paramount for water resources management in river
basins (Ntona et al., 2022). MODFLOW processing also includes support for data
exchange with common GIS packages, including ArcGIS and QGIS, which allows the
user to export and import spatial data without any issues (Parket et al., 2023). It also has
support for programming languages like Python, which enables expert users to automate
workflow and extend its functionality (Bakker et al., 2016). These interoperability
capabilities have positioned Processing MODFLOW as the key element in integrated
water resource management systems. The advancements in Processing MODFLOW with
passage of time are depicted in Table 3.

Table 3: Advancements in Processing MODFLOW

Advancement

Description

Impact

Reference

GIS Integration

Enhanced User
Interface

Computational
Efficiency

New Modules
(MT3DMS)

SEAWAT Integration

Parameter Estimation
(PEST)

Seamless use of
spatial data from GIS
and remote sensing.

Improved GUI with
wizards and
interactive tools.

Parallel processing
and cloud computing
support.

Integration with
MT3DMS for
contaminant
transport.

Support for variable-
density flow
modelling.

Automated
calibration and
optimization tools.

Enhanced model
accuracy and spatial
analysis.

Reduced learning
curve for new users.

Faster simulations
for large-scale
models.

Expanded capability

for pollution studies.

Improved coastal
aquifer simulations.

Increased model
reliability and
precision.

Bakker et al. (2016)

Banta and Paschke
(2011)

Langevin et al.
(2024)

Zheng and Wang
(1999)

Langevin et al.
(2024)

Doherty (2015)
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LIMITATIONS OF PROCESSING MODFLOW

Although Processing MODFLOW is a highly capable and common groundwater
modeling tool, it does have its own limitations. In this section, the major issues and
limitations in using it are presented with the help of literature references and examples.

Technical limitations

Processing MODFLOW is hampered by various technical constraints that limit its
performance to simulate complicated geological structures and some hydrological
processes. MODFLOW's finite-difference model, for instance, can find it difficult to
precisely model very heterogeneous aquifers and complicated geological features like
fractures and faults. The limitations can contribute to oversimplification of the
representation of subsurface systems, decreasing the accuracy of model predictions
(Latrach, et al., 2024). Further, Processing MODFLOW has limited abilities in the
simulation of some hydrological processes like unsaturated flow and heat transport, which
can only be dealt with using special modules or stand-alone tools (Hughes et al, 2022).
For example, although MODFLOW can simulate saturated groundwater flow, it depends
on other packages like UZF1 for processes involving the unsaturated zone, which might
not necessarily offer the detail needed. These technological limitations may restrict the
applicability of the tool in some situations, especially where systems are highly dynamic
or complex.

Data requirements and availability

The validity of Processing MODFLOW simulations relies significantly on the quality and
availability of input data, including hydraulic conductivity, recharge rates, and boundary
conditions (Ntona et al., 2022). In most instances, the acquisition of good-quality data
may be difficult, especially in data-poor areas or for large-scale models (Sophocleous,
2005). For instance, in groundwater recharge modeling in arid areas, the unavailability of
good rainfall and evapotranspiration data resulted in large uncertainties in model
predictions (Banta and Paschke, 2011). Additionally, Processing MODFLOW demands
high-resolution spatial and temporal data for model calibration and validation, which is
time-consuming and costly to obtain (Doherty, 2015). Poor or faulty data can create
poorly calibrated models, making them less reliable and useful for decision-making
purposes (Bontempi, 2024). Such data requirements demonstrate the need for investment
in monitoring and data collection programs to ensure effective groundwater modeling.

User expertise and learning curve

Although having a friendly interface, Processing MODFLOW also demands a degree of
technical proficiency in order to use it effectively, especially when working with complex
models or sophisticated applications (Banta et al., 2011). First-time users might have a
high learning curve because they would have to comprehend the fundamental concepts of
groundwater modeling as well as the software's particular functionalities (Ortega, 2023).

44



A comprehensive review of processing MODFLOW applications, advances and
limitations in groundwater modelling

For instance, the installation of a regional-scale model with several layers and boundary
conditions may be difficult for new users, resulting in errors or second-best results
(Mondalet et al., 2022). To solve this problem, training classes and instructions have been
created to assist users in acquiring skills and confidence for working with Processing
MODFLOW (Doherty, 2015). Yet, the necessity for continuous training and assistance
continues to be a hindrance to most organizations, especially in developing nations or
under-resourced environments (Sophocleous, 2005).

Computational constraints

MODFLOW processing can encounter computational limitations when working with
large-scale or very detailed models, especially with regards to processing capacity and
memory demand. For instance, modeling watersheds and groundwater flow in a regional
aquifer at high spatial and temporal resolution may need a lot of computational power,
which may not be accessible to everyone (Winston, 2009; Kherde et al., 2024). These
limitations may preclude the execution of multiple scenarios or sensitivity analyses,
diminishing model prediction robustness (Bontempi, 2024). Advances in recent years in
parallel computing and cloud computing have partially mitigated some of these issues,
allowing increased speed and efficiency of simulations (Bakker et al., 2016). Yet, such
solutions might not be available to everyone, especially those with small budgets or
infrastructures (Doherty, 2015).

Comparison with other groundwater modelling tools

MODFLOW processing is usually likened to other groundwater modeling software,
including FEFLOW, GMS (Groundwater Modeling System), and OpenGeoSys, each
with its own advantages and limitations (Mondal et al., 2022). For instance, FEFLOW is
renowned for its capacity to simulate complex geological structures and variable-density
flow, thus being a favourite for coastal aquifer research. Nevertheless, FEFLOW's
proprietary status and increased cost are a hindrance to some users (Bakker et al., 2016).
GMS, however, provides a complete set of tools for modelling groundwater with support
for MODFLOW, MT3DMS, and other common models. Its simplicity and high-quality
visualization make it a very formidable competitor to Processing MODFLOW, especially
for surface water-groundwater integrated modeling (Mondal et al., 2022). Yet, GMS can
also be resource-hungry and may need extensive training to utilize effectively (Bontempi,
2024). OpenGeoSys is an open-source option that provides flexibility and customization
for experienced users, especially in simulating coupled processes like heat transport and
reactive transport. Nevertheless, its high learning curve and absence of a friendly interface
may render it less user-friendly for non-specialist users (Bakker et al., 2016). In contrast,
Processing MODFLOW is balanced between functionality and accessibility, and thus it
is widely used for a broad variety of applications (Banta et al., 2011). Yet, its deficiencies
in dealing with intricate processes and geological formations have the potential for it not
always being the go-to tool in every situation (Mondal et al., 2022). Comparison of
Processing MODFLOW with the other groundwater modelling tools is illustrated in Fig.
4 whereas the limitation and proposed solution for the software is listed in Table 4.
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Figure 4: Comparison of processing MODFLOW with other Tools

Table 4: Limitations and proposed solutions

Limitation

Description

Impact

Proposed
Solution

Technical Constraints

Data Requirements

User
Expertise/Learning
Curve

Computational
Constraints

Limited Coupled
Process Modeling

Limited ability to
model complex
geological
structures.

High dependency on
quality spatial and
temporal data.

Requires technical
knowledge despite
GUI improvements.

Resource-intensive
for large, high-
resolution models.
Weak support for

unsaturated flow and
heat transport.

Reduced accuracy in
heterogeneous
aquifers.

Uncertainty in data-
scarce regions.

Barrier for novice
users.

Limits scenario
analysis.

Restricted
interdisciplinary use.

Integrate finite-
element methods.

Leverage remote
sensing and big
data.

Expand tutorials
and training
programs.

Enhance cloud
and parallel
computing.

Add modules for
coupled processes.
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FUTURE DIRECTIONS AND OPPORTUNITIES

Processing MODFLOW has become an industry standard and top-of-line groundwater
modeling tool, but plenty of opportunities wait in terms of innovation and improvement.
This part examines potential changes, new emerging technologies, enlarging applications,
and the possible future direction the development of Processing MODFLOW is heading
through the contribution of a community-driven perspective. The possible future
directions for Processing MODFLOW is shown in the Fig. 5.
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Figure 5: Future directions for processing MODFLOW

Potential improvements

Subsequent versions of Processing MODFLOW may include higher-order numerical
solutions, for example, finite-element or finite-volume formulations, to more accurately
capture detailed geological structures such as faults, fractures, and heterogeneous aquifers
(Mondal et al., 2022). This would enhance the accuracy of simulations in problematic
hydrogeological environments. Extending Processing MODFLOW's capabilities to
simulate coupled processes, for instance, unsaturated flow, heat transport, and reactive
transport, would render it more interdisciplinary for studies. For instance, incorporating
modules to simulate geothermal systems or contaminant biodegradation would allow new
applications in environmental engineering and energy resource management (Langevin
et al.,, 2024). Additional refinements to the user interface, including drag-and-drop
capability, real-time visualization, and interactive tutorials, might further make
Processing MODFLOW accessible to inexperienced users (Banta and Paschke, 2011).
This would serve to close the gap between sophisticated researchers and practitioners who
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have little experience with modeling. Utilizing cloud-based systems and high-
performance computing (HPC) might allow users to more efficiently execute large-scale,
high-resolution models (Bakker et al., 2016). It would be very useful for regional-scale
simulations or situations involving large parameter sensitivity studies.

Integration with emerging technologies

Bringing in new technologies like artificial intelligence (Al), machine learning (ML), and
big data can really change the future of Processing MODFLOW. We can use Al and ML
to set up the models quickly by tuning the settings (Doherty, 2015). For example, neural
networks and genetic setups can be used with Processing MODFLOW to make guessing
parameters more accurate and faster (Makhlouf et al., 2024). More data from satellite,
IoT sensors, and climate models can improve how we input and check data (Borzi, 2025).
Like, satellite data on rain and water loss can help guess water refill better in places where
data is low (Ntona et al., 2022). If Processing MODFLOW is linked with real-time
checks, it would help in guessing and managing water under the ground better (Bakker et
al., 2016). Real-time data from water sensors can help update models and predict what
will happen next for better decision making.

Expanding applications

Processing MODFLOW is considered as a tool that has the potential to solve different
complex problems. Processing MODFLOW could be benefited to forecast the effect of
climate change upon the groundwater. By utilizing this software, it would be much easier
to analyze the potential impacts of sea level rise on coastal aquifers or to appraise the
feasibility of using ground water for food production. Expanding Processing
MODFLOW: s capabilities for simulating irrigation practices and crop-water interactions
could support sustainable agricultural water management. This resource is very critical in
water scarce regions which have groundwater as a base for food production. Processing
MODFLOW has also been important to model the interactions between groundwater and
surface water in wetland ecosystems. Processing MODFLOW could provide insight into
how groundwater will interact with surface waters, which is key for restoration of wetland
habitat and biodiversity conservation. It could be employed to formulate water
management scenarios and strategies to maintain the existence of key habitats in a
changing hydrological regime. Increasing urbanization results in barge navigable
waterways all over the world similar to Tonle Sap in Cambodia where tree-choking waters
cover small creeks and massive rivers which facilitates the export facilities. Urban water
management plans to deal with stored runoff (Faye, 2016; Long et al., 2023). Urban land
with the infiltration capacity to utilize it, either shallow, flooded groundwater are some
stations.
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Community and open-source contributions

The future of Processing MODFLOW will involve contributions of the international
community of Groundwater Modeling - expanding Open Source as well maybe an
additional sentence about why open source is important, encouraging community-driven
development which will be more beneficial in terms of implementing the code as new
use-cases and best practices/ways of pursuing goals are implemented concurrently rather
than having to constantly catch up to each other; for example, user forums, workshops,
and collaborative projects are all ways to help identify new features that need
development and better ways for our team members to satisfy user needs utilizing Modern
Data flow Processing (Bakker et al., 2016). Transparent discussions and collaboration
provide important measures on the development of Processing MODFLOW to provide
forecasts and training to users and developers. By having a global community of the best
research, development and service users in accessible communication, open-source
means that we’ll always be able to learn - and improve. Open-Source model encourages
iterative cooperative learning and contribution, and reduces redundancy in development
efforts (Langevin et al., 2024). Facilitative of global research and action, open-source data
and programs are frequently updated, self-correcting resources that can enrich the work
of everyone involved. Online courses, tutorials, and open-access publications can make
the software more accessible to the global population, leading to a more widespread
ability to interpret our natural environment (Ntona et al., 2022). Collaboration with
experts from areas other than groundwater modelling, such as climate science, ecology,
and data science, could result in innovative applications and solutions (Mondal et al.,
2022). For instance, working with Al scientists could result in advanced machine learning
tools for groundwater models that go even further (theoretical capabilities already/i.e.
what they can already do) beyond or like what users want them to expanding training
programs and educational resources can help build the capacity of users, particularly in
developing countries. By providing a global audience with online courses, tutorials, and
publishable publications which use free software Processing MODFLOW more common
and widely circulated. Collaboration with experts from other fields such as climate
science, ecology, and data science can help to solve many innovative problems leading to
the development of advanced machine learning tools for groundwater modeling in some
cases.

CONCLUSION

Over the past decades, MODFLOW has become a fundamental piece of modern
hydrogeology and its potential to automate workflows, integrate multiple geologic data
source and generate reliable simulations make highly effective. MODFLOW has been
critical to the advancement of our knowledge on groundwater systems and offers the
support for sustainable water resource management because it has enabled users to deal
with sophisticated hydrological issues more effectively and confidently. Such
technologies as Al and big data can reengineer the groundwater modeling in the form of
real time monitoring, predictive analytics, and adaptive management. The use of
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MODFLOW flow analysis in addressing interdisciplinary challenges (climate change
adaptation and ecosystem restoration) will further strengthen its relevance and impact.

Nevertheless, this potential will have to be realized in the face of some challenges. To
enhance the accuracy and versatility of Processing MODFLOW, technical limitations
must be overcome, for example, in handling complex geological structures and coupled
processes. In addition, continuing adoption and success of the tool will rely on its
availability of high-quality data, and training and support for users. In context to this,
open-source initiatives will play a pivotal role in the role of the global groundwater
modeling community in shaping the future of Processing MODFLOW. The community
can help to ensure that Processing MODFLOW continues to be at the frontiers of
groundwater modeling for years to come by fostering collaboration, sharing knowledge
and promoting innovation. However, processing MODFLOW has made the modeling of
groundwater more accessible, efficient, and impactful and even more so important, easy
to interpret. Processing MODFLOW thus strives to serve to help us answer these growing
challenges regarding water resources and environmental sustainability.
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