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Abstract 
 

MODFLOW is a widely-used groundwater modelling software developed by the USGS that 

helps hydrogeologists and water resource managers simulate and analyze groundwater flow 

and transport processes. The software is based on the finite-difference method and is highly 

modular, allowing it to be extended with additional modules to simulate other processes such 

as solute transport and heat transport. However, accurate results depend on appropriate 

model-specific and site-specific data inputs, including grid specification, boundary 

conditions, aquifer properties, and sources and sinks of water or solutes. This article provides 

a comprehensive guide to understanding MODFLOW, including its data requirements and 

modelling process, to help hydrogeologists and water resource managers effectively manage 

groundwater resources. 

 

Introduction 
 

The article provides an overview of MODFLOW, its application in hydrogeology and water 

resource management, and its capability to simulate complex hydrogeological systems, 

steady-state and transient flow conditions, and interactions between surface water and 

groundwater. The modularity and flexibility of MODFLOW are highlighted as significant 

advantages for hydrogeologists and water resource managers in simulating a wide range of 

hydrogeological settings and scenarios. 

 

MODFLOW (MODular Finite-difference FLOW model) is a widely-used groundwater 

modelling software developed by the United States Geological Survey (USGS). It is a 

comprehensive tool that helps hydrogeologists and water resource managers to simulate and 

analyze groundwater flow and transport processes in a wide range of hydrogeological 

settings. 

 

MODFLOW is based on the finite-difference method, which discretizes the groundwater flow 

equations into a grid of cells. Each cell represents a small volume of the subsurface and is 

interconnected with adjacent cells through a network of nodal points. MODFLOW provides 

various options for modelling complex hydrogeological systems, including steady-state and 

transient flow conditions, confined and unconfined aquifers, and interactions between surface 

water and groundwater. 

 

MODFLOW is highly modular, which means that it can be extended with additional modules 

to simulate other processes such as solute transport, heat transport, and groundwater-surface 

water interactions. The software also includes a variety of tools for visualizing and analyzing 

model results, including contour maps, cross-section plots, and time-series graphs. 

 

Overall, MODFLOW is an essential tool for hydrogeologists and water resource managers to 

understand and manage groundwater resources effectively. Its flexibility and modularity 

make it a valuable tool for simulating a wide range of hydrogeological settings and scenarios. 



 

MODFLOW Versions 
 

MODFLOW has undergone several updates and revisions since its initial release in 1984. 

Here are some of the major versions of MODFLOW that have been developed over the years: 

 

MODFLOW-88: This was the original version of MODFLOW, which was released in 1988. 

It included support for steady-state and transient groundwater flow simulation, but did not 

include support for solute transport. 

 

MODFLOW-96: This version of MODFLOW was released in 1996 and included several new 

features, such as support for solute transport, heat transport, and well-bore storage. 

 

MODFLOW-2000: This version of MODFLOW was released in 2000 and included several 

new features, such as support for unstructured grids, generalized boundary conditions, and 

advanced solvers. 

 

MODFLOW-2005: This version of MODFLOW was released in 2005 and included several 

new features, such as support for the new UZF (unsaturated zone flow) package, improved 

solvers, and support for MODFLOW-LGR (local grid refinement). 

 

MODFLOW-NWT: This version of MODFLOW was released in 2009 and included several 

new features, such as improved solvers, support for Newton-Raphson formulation, and 

improved handling of dry cells. 

 

MODFLOW-USG: This version of MODFLOW was released in 2016 and included several 

new features, such as support for unstructured grids, support for multiple models in a single 

simulation, and improved support for simulating flow in karst systems. 

 

Each version of MODFLOW includes new features and improvements over previous 

versions, and users may choose to use the version that is best suited for their specific 

modelling needs. Additionally, many MODFLOW GUIs and pre- and post-processing tools 

have been developed to work with specific versions of MODFLOW. 

 

GUI for MODFLOW 
 

There are several graphical user interfaces (GUIs) available for MODFLOW, which provide 

a user-friendly interface for setting up, running, and visualizing MODFLOW models. Here 

are some of the most popular GUIs for MODFLOW: 

 

Groundwater Vistas: Groundwater Vistas is a commercial software package that provides a 

complete suite of tools for groundwater modelling, including support for MODFLOW and 

related software. It includes a user-friendly interface for setting up and running MODFLOW 

models, as well as tools for visualizing and analyzing model output. 

 

MODFLOW-GUI: MODFLOW-GUI is a free GUI developed by the U.S. Geological Survey 

(USGS) that provides a graphical interface for setting up and running MODFLOW models. It 

includes tools for visualizing and analyzing model output, and supports a range of 

MODFLOW packages and solvers. 

 



GMS (Groundwater Modelling System): GMS is a commercial software package developed 

by Aquaveo that provides a complete suite of tools for groundwater modelling, including 

support for MODFLOW and related software. It includes a user-friendly interface for setting 

up and running MODFLOW models, as well as tools for visualizing and analyzing model 

output. 

 

Visual MODFLOW: Visual MODFLOW is a commercial software package developed by 

Waterloo Hydrogeologic that provides a user-friendly interface for setting up and running 

MODFLOW models. It includes a range of tools for visualizing and analyzing model output, 

as well as support for a range of MODFLOW packages and solvers. 

 

FloPy: FloPy is a free Python package that provides a programming interface for 

MODFLOW. While not strictly a GUI, it allows users to create and modify MODFLOW 

models using Python code, which can be more flexible and customizable than a traditional 

GUI. 

 

These GUIs can greatly simplify the process of setting up, running, and analyzing 

MODFLOW models, and may be particularly useful for users who are less familiar with 

command-line interfaces or programming. 

 

Data Requirement 
 

MODFLOW requires a variety of data inputs to simulate groundwater flow and transport 

processes. The data requirements can be divided into two categories: model-specific data and 

site-specific data. 

 

Model-Specific Data 

 

The model-specific data includes the parameters and properties that are required to set up and 

run the MODFLOW model. These include: 

 

Grid Specification: The model requires a 3D grid that represents the subsurface domain. The 

grid must be specified with the appropriate size and resolution to accurately represent the 

hydrogeological system. 

 

Boundary Conditions: The model requires boundary conditions that define the hydraulic 

head, water flux, or solute concentration at the model boundaries. These can be specified as 

constant head, specified flux, or mixed boundary conditions. 

 

Aquifer Properties: The model requires information on the hydraulic properties of the aquifer, 

such as hydraulic conductivity, specific yield, and specific storage. These properties can be 

estimated from field measurements, laboratory tests, or literature values. 

 

Pumping and Recharge: The model requires information on the pumping and recharge rates 

within the model domain. These rates can be estimated from historical data, field 

measurements, or hydrological analyses. 

 

 

 

 



Site-Specific Data 

 

The site-specific data includes the information that is specific to the study area and the 

hydrogeological system being modeled. These include: 

 

Geology and Hydrostratigraphy: The model requires information on the geology and 

hydrostratigraphy of the study area to accurately represent the subsurface geology and 

hydrogeology. 

 

Hydraulic Head: The model requires data on the hydraulic head distribution within the model 

domain. This data can be obtained from field measurements, borehole data, or remote sensing 

data. 

 

Water Quality: If the model includes the transport of solutes, then water quality data is 

required. This data can be obtained from field measurements, laboratory analyses, or 

literature values. 

 

Climate Data: The model requires information on the climate of the study area, including 

precipitation, temperature, and evapotranspiration rates. This data can be obtained from 

meteorological stations or from remote sensing data. 

 

Overall, the data requirements for MODFLOW are complex and varied. It is important to 

ensure that the model inputs are representative of the hydrogeological system being modeled 

to obtain accurate results. A thorough understanding of the study area and the 

hydrogeological processes involved is critical for successful modelling with MODFLOW. 

 

Modelling Process 
 

Setting up a MODFLOW model involves defining the model domain, specifying the 

boundary conditions, assigning aquifer properties, and defining the sources and sinks of water 

or solutes. The following steps provide a general overview of the model setup process: 

 

Conceptual Model Development 

 

The first step in the modelling process is to develop a conceptual model of the study area. 

This involves defining the boundaries of the groundwater system, identifying the various 

hydrogeological units, and characterizing the properties of these units, such as hydraulic 

conductivity, porosity, and storativity. The conceptual model can be developed using various 

sources of information, including geologic maps, well logs, geophysical surveys, and field 

observations. 

 

Grid Design 

 

The next step is to design a numerical grid that will be used to represent the study area in the 

model. The grid should be fine enough to capture the spatial variability of the hydraulic 

properties of the hydrogeological units, but not so fine that the model becomes 

computationally expensive. The grid can be designed using software tools such as 

MODFLOW's Gridgen, or other commercial or open-source software. 

 

 



Boundary Conditions 

 

The next step is to define the boundary conditions of the model, which include specifying the 

locations and characteristics of sources and sinks of water, such as rivers, lakes, recharge 

areas, and pumping wells. The boundary conditions also include defining the hydraulic head 

values at the model boundaries, which can be estimated from nearby observation wells or 

based on regional hydrologic data. 

 

Assigning Aquifer Properties 

 

The next step is to assign values for hydraulic conductivity, porosity, specific yield, and other 

aquifer properties to the cells within the grid. These properties can be estimated from field 

measurements, laboratory tests, or literature values. The aquifer properties should be 

representative of the hydrogeological system being modeled. 

 

Defining Sources and Sinks 

 

Once the aquifer properties have been assigned, the next step is to define the sources and 

sinks of water or solutes within the model domain. These may include wells, rivers, recharge 

areas, or contaminant sources. The rates of pumping or recharge can be estimated from 

historical data, field measurements, or hydrological analyses. 

 

Overall, setting up a MODFLOW model involves a series of interrelated steps that require 

careful planning and attention to detail. The model setup should be representative of the 

hydrogeological system being modeled and should be calibrated to match field observations. 

With proper model setup, MODFLOW can be a powerful tool for simulating and analyzing 

groundwater flow and transport processes. 

 

Solution Techniques 
 

MODFLOW offers several solution techniques for solving the groundwater flow equation. 

The choice of solution technique depends on the size and complexity of the groundwater 

model and the accuracy required for the simulation. The most commonly used solution 

techniques in MODFLOW include: 

 

Direct Solver: This technique involves solving the groundwater flow equation using a direct 

matrix solver. Direct solvers are efficient for small to medium-sized models with fewer 

unknowns. 

 

Iterative Solver: This technique involves solving the groundwater flow equation iteratively 

until a solution is achieved. Iterative solvers are more efficient for large and complex models 

with many unknowns. MODFLOW uses several iterative solvers, including the Conjugate 

Gradient (CG) method, the Preconditioned Conjugate Gradient (PCG) method, and the 

Generalized Minimum Residual (GMRES) method. 

 

Preconditioning: This technique involves applying a preconditioner to the system of 

equations to improve the efficiency of the iterative solver. MODFLOW offers various 

preconditioning options, including the Jacobi, Incomplete Cholesky, and Incomplete LU 

preconditioners. 

 



Multigrid: This technique involves solving the groundwater flow equation using a multigrid 

solver that applies a series of coarse and fine grids to solve the equation. Multigrid solvers are 

particularly efficient for large and complex models with many unknowns. 

 

Hybrid Solver: This technique combines the benefits of both direct and iterative solvers. It 

involves solving the groundwater flow equation using a direct solver for the largest part of 

the system and an iterative solver for the remaining part. 

 

MODFLOW also provides options for parallel processing to further enhance the solution 

efficiency of large and complex models. Parallel processing involves dividing the model into 

smaller parts and solving each part simultaneously on multiple processors. 

 

Overall, MODFLOW offers a range of solution techniques to choose from, depending on the 

size and complexity of the groundwater model and the accuracy required for the simulation. 

The choice of solution technique can significantly impact the computational efficiency and 

accuracy of the simulation. 

 

Model Calibration and Validation 
 

Calibration, validation, and sensitivity analysis are important steps in the modelling process 

for MODFLOW. These steps ensure that the model accurately represents the actual 

groundwater system and that the model outputs are reliable and useful for decision-making.  

 

Calibration: Calibration is the process of adjusting the model parameters to match the 

observed groundwater behavior in the real world. The model parameters that are typically 

calibrated include hydraulic conductivity, specific yield, and recharge rates. The calibration 

process involves comparing the simulated groundwater levels or flows to the observed data 

from monitoring wells, and adjusting the parameters until the simulated and observed values 

match. This process is typically iterative, with the modeler adjusting the parameters and 

running the model multiple times until an acceptable match is achieved. 

 

Validation: Validation is the process of testing the model's ability to predict future 

groundwater behavior based on data that was not used during the calibration process. The 

model is run with input data for a future time period, and the resulting groundwater levels or 

flows are compared to observed data from that same time period. If the model accurately 

predicts the observed behavior, then it is considered validated. 

 

Sensitivity Analysis: Sensitivity analysis is the process of evaluating how changes in the 

model inputs affect the model outputs. This step is important for understanding the 

uncertainty associated with the model outputs and identifying which inputs have the greatest 

impact on the results. For example, a sensitivity analysis may involve varying the hydraulic 

conductivity parameter over a range of values and observing how the groundwater levels or 

flows change in response. 

 

Scenario Analysis: Once the model has been calibrated and validated, it can be used to 

simulate different scenarios, such as changes in groundwater recharge rates, pumping rates, 

or land use. Scenario analysis can help to predict the effects of different management or 

policy options on the groundwater system and guide decision-making. 

 



These are essential steps in the modelling process for MODFLOW. Calibration involves 

adjusting the model parameters to match the observed groundwater behavior, validation 

involves testing the model's ability to predict future behavior, and sensitivity analysis 

involves evaluating the uncertainty associated with the model inputs and outputs. By 

performing these steps, modelers can ensure that the model outputs are reliable and useful for 

decision-making. 

 

Modelling Errors 
 

There are several types of errors that one may encounter while using MODFLOW. Here are 

some of the most common errors and their potential causes: 

 

Input errors: Input errors occur when the input data provided to MODFLOW is incorrect or 

incomplete. For example, if the dimensions of the model grid are not specified correctly, 

MODFLOW will produce an error message. 

 

Numerical errors: Numerical errors occur when the model equations cannot be solved 

accurately due to numerical instability. This can happen if the model grid is too coarse or if 

the time step is too large. In these cases, MODFLOW may produce an error message or the 

simulation may fail to converge. 

 

Convergence refers to the point at which the numerical solution has reached a steady state 

and the changes in the solution between iterations are negligible. In MODFLOW simulations, 

convergence is typically assessed by monitoring the changes in water levels or fluxes 

between iterations. If the changes fall below a specified threshold, the solution is considered 

converged. Convergence is important because it indicates that the solution has reached a 

stable state and that further iterations will not significantly improve the accuracy of the 

results. 

 

Stability refers to the numerical stability of the solution, or the ability of the simulation to 

produce accurate results over a range of time steps. Unstable solutions can produce 

unrealistic or erratic behavior, such as sudden changes in water levels or mass balance errors. 

Stability in MODFLOW simulations can be affected by factors such as the size of the time 

step, the spatial discretization of the model, and the presence of boundary conditions or wells. 

In order to ensure numerical stability, it is important to use appropriate time steps and model 

discretization, and to carefully calibrate the simulation based on field observations. 

 

Oscillations refer to the numerical oscillations or fluctuations that can occur in the solution 

during the simulation. Oscillations can result from a variety of factors, including numerical 

instability, nonlinearities in the system, or abrupt changes in boundary conditions or recharge. 

Oscillations can be particularly problematic in transient simulations, where they can produce 

unrealistic results and make it difficult to accurately model the system behavior. To address 

oscillations, it is often necessary to adjust the numerical parameters of the simulation, such as 

the time step or solver tolerance, or to modify the model inputs to better reflect the actual 

system behavior. 

 

Memory errors: Memory errors occur when the amount of memory allocated for the model is 

insufficient. This can happen if the model is too large or if the computer does not have 

enough memory to run the model. In these cases, MODFLOW may produce an error message 

or the simulation may crash. 



 

Output errors: Output errors occur when the output files produced by MODFLOW are 

incorrect or incomplete. This can happen if the output files are not written correctly or if the 

output file format is not compatible with the software used to view the output. 

 

Software errors: Software errors occur when there is a problem with the MODFLOW 

software itself. This can happen if there is a bug in the software or if the software is not 

compatible with the computer hardware or operating system. 

 

To avoid these errors, it is important to carefully review and validate the input data, select 

appropriate numerical settings, and use compatible software to view the output. It is also 

important to consult the MODFLOW user manual and seek assistance from experienced users 

or technical support if needed. 

 

Applications of MODFLOW 
 

MODFLOW is a widely used groundwater modelling software that has a range of 

applications in various fields. Some of the key applications and uses of MODFLOW are: 

 

Groundwater management: MODFLOW is commonly used in groundwater management 

studies to evaluate the impacts of water use and to develop strategies for sustainable 

groundwater management. It can be used to simulate the behavior of groundwater systems 

and to analyze the impacts of various management scenarios. 

 

Water supply planning: MODFLOW can be used to model groundwater resources and to 

assess the potential impacts of new water supply projects, such as wells or recharge facilities. 

It can also be used to simulate the impacts of climate change on groundwater availability and 

quality. 

 

Contaminant transport: MODFLOW can be used to model the transport of contaminants in 

groundwater systems. It can be used to simulate the transport of both organic and inorganic 

contaminants, and can be used to evaluate the impacts of different remediation strategies. 

 

Mine dewatering: MODFLOW can be used to model the behavior of groundwater systems in 

mining areas. It can be used to simulate the impacts of mine dewatering on groundwater 

resources and to develop strategies for managing mine water. 

 

Environmental impact assessment: MODFLOW can be used in environmental impact 

assessments to evaluate the potential impacts of new developments, such as landfills, oil and 

gas operations, or industrial facilities, on groundwater resources. 

 

Geothermal energy development: MODFLOW can be used to model the behavior of 

geothermal systems and to assess the potential for geothermal energy development. 

 

Climate change studies: MODFLOW can be used to simulate the impacts of climate change 

on groundwater resources. It can be used to evaluate the impacts of changes in precipitation, 

temperature, and other climate variables on groundwater availability and quality. 

 



Overall, MODFLOW is a powerful tool for modelling and understanding groundwater 

systems, and its flexibility and wide range of applications make it a valuable tool for 

groundwater management and research. 

 

Training Courses 
 

There are several organizations and institutions that offer training courses specifically 

focused on MODFLOW, which is a popular groundwater modelling software. Here are some 

options to consider: 

 

International Groundwater Modelling Center (IGWMC): IGWMC offers short courses and 

workshops on MODFLOW, as well as other groundwater modelling software. Their courses 

cover topics such as MODFLOW-USG, MODFLOW-2005, and more. 

 

The National Ground Water Association (NGWA): NGWA offers online courses on 

MODFLOW, as well as other groundwater modelling software. Their courses cover topics 

such as groundwater modelling basics, model calibration, and model validation using 

MODFLOW. 

 

Environmental Modelling & Software (EMS): EMS hosts an annual conference that includes 

training workshops on MODFLOW, as well as other groundwater modelling software. Their 

workshops cover a wide range of topics related to groundwater modelling, such as 

uncertainty analysis, model calibration, and more. 

 

Aquaveo: Aquaveo is a company that provides software and services related to water 

resources modelling. They offer online training courses on MODFLOW and related software, 

such as GMS (Groundwater Modelling System). 

 

Universities: Many universities offer courses on groundwater modelling using MODFLOW 

as part of their environmental engineering or hydrology programs. Check with your local 

universities to see if they offer any courses on this topic. 

 

It is important to note that some of these training courses may require prior knowledge or 

experience in hydrogeology and groundwater modelling. 

 

Conclusion 
 

MODFLOW is a critical tool for hydrogeologists and water resource managers to manage 

groundwater resources effectively. Understanding MODFLOW's data requirements and 

modelling process is essential to ensure accurate model results. The modularity and flexibility 

of MODFLOW make it a valuable tool for simulating a wide range of hydrogeological 

settings and scenarios, and its capability to be extended with additional modules enhances its 

functionality. Ultimately, the article emphasizes the importance of using MODFLOW to 

develop robust groundwater management strategies that consider the complexities of the 

hydrogeological system being modeled. 

 

 


