
U.S. Department of the Interior
U.S. Geological Survey

Advances in Modeling Groundwater Flow and 
Transport with MODFLOW
Presenter: Christian D. Langevin

Contributors: Alden Provost, Sorab Panday, Joseph Hughes, Martijn Russcher, 
Jeremy White, and Eric Morway

EPA CLU-IN Webinar, February 3, 2021



BACKGROUND





Core Principles
Teachable

Documented
Reliable
Robust
Efficient

Extensible
Portable

MODFLOW Philosophy



MODFLOW Support Environment

Core Principles
Teachable

Documented
Reliable
Robust
Efficient

Extensible
Portable



Reactive 
Transport

Solute and Heat
Transport

Landscape 
Hydrology

Parallel

Subsidence

Unstructured 
Grids

Parameter 
Estimation 

and Uncertainty

Unsaturated
Zone

Karst and
Pipe Flow

Flow Path
Analysis

Management

Surface Water 
Flow

Core Principles
Teachable

Documented
Reliable
Robust
Efficient

Extensible
Portable



MODPATH
mod-PATH3DU
PATH3D
FlowSource

MODFLOW-USG
CFP, VKD

PESTPP-OPT
MODSIM
GWM

UZF
HYDRUS
VSFSFR, SWR

HEC-RAS
BRANCH

PEST
PESTPP
UCODE

MODFLOW-USG
MODFLOW 6

SUB
CSUB

SAMG
PKS-MODFLOW
PKS-SEAWAT
MODFLOW 6

GSFLOW-PRMS
SWB, HSPF, SWAT
OWHM

MODFLOW 6 
MT3DMS
MT3D-USGS, USG
SEAWAT, SWI, GWT

PHREEQC-PHT3D
PHWAT
RT3D

MODFLOW
ECOSYSTEM OF CODES

Reactive 
Transport

Solute and Heat
Transport

Landscape 
Hydrology

Parallel

Subsidence

Unstructured 
Grids

Parameter 
Estimation 

and Uncertainty

Unsaturated
Zone

Karst and
Pipe Flow

Flow Path
Analysis

Management

Surface Water 
Flow

Core Principles
Teachable

Documented
Reliable
Robust
Efficient

Extensible
Portable



WHAT’S NEW?



Active Development

§ MODFLOW 6
§ Groundwater Flow (GWF) Model (released Aug 2017)
§ Compaction and Subsidence (CSUB) Package (released Dec 2019)
§ Groundwater Transport (GWT) Model (released Oct 2020)
§ Coupled Variable-Density Flow and Transport (released Oct 2020)
§ MODFLOW API (released Jun 2020)

§ Related Programs
§ FloPy
§ MODPATH
§ MT3D-USGS
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Regular or Unstructured Grids

3 Discretization Approaches
§ Regular MODFLOW grid (DIS)
§ Discretization by Vertices (DISV)
§ Generalized Unstructured (DISU)



Pahute Mesa - Oasis Valley Example

§ Nevada National Security 
Site

§ Navarro Research and 
Engineering Inc. funded 
by DOE

§ Develop a groundwater 
flow model for scenario 
testing



Hydrostratigraphic Framework Model

§ 77 hydrostratigraphic
units

§ 98 faults and structural 
features

§ Convert Earthvision
hydrostratigraphic model 
into a MODFLOW 6 GWF 
model



MODFLOW 6 Model

§ Python and the FloPy
Package used to convert  
Earthvision
hydrostratigraphic model 
into MODFLOW 6 model



Multi-Model Coupling

§ Any number of models can be 
included in a simulation

§ Models coupled at matrix 
level

§ Flexibility supports coupling 
of parent, child, grandchild 
models, stacked models or 
adjacent models



Nested Grids

Parent

Child 2

Grandchild

Child 1



Water Mover

§ Generalized package for transferring water from one 
MODFLOW package to another

§ Water can be transferred from a “provider” to a “receiver” 
subject to simplified rules

§ All transfers are tracked in a water budget



MODFLOW 6 GWF + MT3D-USGS

§ MT3D-USGS developed and 
maintained in cooperation 
with S.S. Papadopulos & 
Associates Inc.

§ Works with standard head 
and budget files produced by 
MODFLOW 6

§ Regular MODFLOW grids



MODFLOW 6 Groundwater Transport Model

§ First released October 2020
§ New model type in MODFLOW 6
§ Developed in collaboration with Sorab Panday, GSI 

Environmental Inc.
§ Patterned after MT3D, USG-Transport, MODFLOW-GWT, SUTRA
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General Features
• Works with DIS, DISV, and DISU model grids
• Supports active ”dry cells” from Newton flow 

formulation
• Current implementation uses implicit formulation 

for all transport terms
• Flow and transport grids must be the same
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Advection (ADV) Package
• Central in space
• Upstream
• Second-order implicit 

TVD with van Leer flux 
limiter

• No particle-based 
methods

Dispersion (DSP) Package
• Generalized unstructured 

formulation
• Fast and approximate, or
• XT3D formulation with 

expanded stencil
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Generalized solute boundary 
conditions
• Concentration associated with 

groundwater inflows (SSM)
• Direct application or removal of 

solute mass (SRC)
• Fixed concentration (CNC)
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Mass storage and transfer within a cell
• Storage
• Sorption
• First or zero-order decay/production
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Support for advanced flow 
packages
• Simulate concentration 

in individual features 
(stream reaches, lakes, 
wells, unsaturated zone)

• Simulate mass transfer 
between flow packages

• Alternative to SSM
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Immobile Domain
• Mobile-immobile 

exchange
• Immobile sorption
• Immobile 

decay/production
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MODFLOW 6 GWF and GWT Approach 
(Option 1: Separate Simulations)

MODFLOW 6 
GWF

MODFLOW 6 
GWT Concentration 

File(s)

Head File

Budget File
Simulation 1

Simulation 2

Can use different time-step lengths for GWT Model



MODFLOW 6 GWF and GWT Approach 
(Option 2: Coupled Simulation)

MODFLOW 6 
GWF/GWT

Concentration 
File(s)

Head File

Budget File
Simulation

Must use same time-step lengths for both models



Groundwater Transport Model Status

§ Available now in MODFLOW 6
§ Fully supported in FloPy
§ Theory report is in review
§ Limitations:

§ Represents a single species, BUT, can 
have any number of GWT Models

§ No transport across grids (yet)

In review



EXAMPLES



Newton Formulation for Water Table Aquifers

§ Minimizes wetting and drying complications 



Transport Solution for Perched Aquifers

§ Instantaneous solute routing through the unsaturated zone



Advanced Packages and Water Mover



Surface and Groundwater Flow and Transport

Comparison between MODFLOW 6 (solid lines) and 
GWT (dashed lines)



Coupled Variable-Density Flow and Transport

§ Run GWF and GWT 
in same simulation

§ Turn on Buoyancy 
Package in GWF 
Model

§ Represent salt as a 
chemical species



Coupled Flow and Transport Capabilities



Does MODFLOW 6 work with PEST?



Does MODFLOW 6 work with PEST?

Of course!



Optimal Plume Management

§ Example from Jeremy 
White, INTERA Inc.

§ Simple synthetic 
problem

§ 50 m cells
§ 10 km x 5 km x 1 layer
§ 20 years of treatment



Optimal Plume Management

§ Standard 5-spot 
injector/extractor 
configuration

Extractor

Injectors



Optimal Plume Management

§ 20 years of treatment
§ Configuration works, 

but could it be better?

Extractor

Injectors



pestpp-mou (beta)
§ Constrained multi-objective 

optimization under uncertainty within 
the PEST interface
§ Template files, instruction files, control files

§ Treat “risk” (probability of success) as 
an objective

§ Uses first-order second-moment or 
“stack”-based “chances”
§ Plays nicely with other PEST and PEST++ tools

§ Fault-tolerant, model-independent, 
parallel run management



Mapping Tradeoff Between Objectives
§ Decision Variables

§ Injector location
§ Extractor location
§ Extraction rate
§ Injector apportioning

§ Objectives
§ Mass treated
§ Total cost (drilling + operation)
§ Final maximum concentration

§ Constraints
§ Concentration at compliance point 

< 5-spot
§ Mass flux to downstream 

boundary < 5-spot

5-spot system



MODFLOW API



MODFLOW API

§ API = Application Programming Interface



API for MODFLOW 6

§ Developed in collaboration with Martijn Russcher, Deltares
§ Full control of MODFLOW while it’s running
§ Access to MODFLOW internal variables (as a copy or pointer)
§ Three different levels of control

§ Between time steps
§ Within a time step
§ Within an iteration

§ Well-defined interfaces based on Basic Model Interface (BMI) 
standard

§ Uses identical code base as executable version



MODFLOW API – Between Time Steps 
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MODFLOW API – Between Time Steps 
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MODFLOW API – Between Time Steps 
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mf6 =  XmiWrapper(‘libmf6.dll’)
mf6.initialize(‘mfsim.nam’)
current_time = 0.
end_time = mf6.get_end_time()

while current_time < end_time:
mf6.update()
current_time = mf6.get_current_time()

mf6.finalize()



MODFLOW API – Within a Time Step 
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MODFLOW API – Within a Time Step 
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MODFLOW API – Within a Time Step 

update

finalize_time_step
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mf6 =  XmiWrapper(‘libmf6.dll’)
mf6.initialize(‘mfsim.nam’)
current_time = 0.
end_time = mf6.get_end_time()

while current_time < end_time:

dt = mf6.get_time_step()
mf6.prepare_time_step(dt)
mf6.do_time_step()
mf6.finalize_time_step()

current_time = mf6.get_current_time()

mf6.finalize()

update



MODFLOW API – Within an Iteration
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MODFLOW API – Within an Iteration
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MODFLOW API – Within an Iteration
do_time_step

finalize_solve
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mf6 =  XmiWrapper(‘libmf6.dll’)
mf6.initialize(‘mfsim.nam’)
current_time = 0.
end_time = mf6.get_end_time()

while current_time < end_time:
dt = mf6.get_time_step()
mf6.prepare_time_step(dt)

kiter = 0
mf6.prepare_solve(1)
while kiter < max_iter:

has_converged = mf6.solve(1)
if has_converged:

break
mf6.finalize_solve(1)

mf6.finalize_time_step()
current_time = mf6.get_current_time()

mf6.finalize()

do_time_step



Why We’re Excited about the API!
§ Tight integration with other models
§ Callable from other languages, such 

as Python; access to 3rd party tools  
§ Sensitivity analysis, adjoint state, 

parameter estimation, optimization, 
uncertainty analysis

§ Alternative solvers (PETSc, …)
§ Alternative data input (netCDF, 

database access, online services, …)
§ MODFLOW can be customized by 

our users



ONLINE RESOURCES



MODFLOW Distribution



Additional Online Resources
Main Repository

Examples

FloPy

Nightly Build

Executables

Pymake



CONCLUDING REMARKS



Summary

§ MODFLOW 6 is presently the “core” MODFLOW
§ GWF Model
§ GWT Model
§ Coupled flow and transport

§ New MODFLOW API
§ Ongoing and planned efforts

§ Parallelization
§ Particle tracking
§ Time-variable properties (mining applications)
§ Adaptive time stepping, Richard’s equation, heat transport, …



Any Questions?

Or feel free to email me at 
langevin@usgs.gov



Final Poll

We value your input!  Please consider sending 
comments and recommendations.


