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United States Department of the Interior

CGLOLOGICAL STRNTY
RESTON, VAL 22042

In Reply Refer To:

Majl Stop 413 January 26, 1979

MEMORANDUM TO THE RECORD
From: Deputy Assistant Chief Hydrologist for Research
Subject: New Cencration of Ground-Water Models

Tn a mectlng in Penver, January 19, wu agreed to the developuwent of a
new generation of ground-vater computcr codes. This new gencration of
programs will be desigaed to be:

machine ind

2. flexible in cos decign, and u
Flexibility dictates that a serics of wmodules be developed which can
be put together as needed to form the basic program., The modules will
be developed in such a way that they are basically compatible and yot
indcpendent of cach other. Such a comcept will allow much nceded flexi
bility for modeling particular problems.

First priority is being given to developing two or three-dimensional
fiuire difforence code for flow which will ifglude options for two-
dimensional transport, as well as paramctor ifgntification.

A number of the key moduvles for the basic progr were identifiod and

the responsibility assigned for their developuc We agreed:

Flow-Finite Differ

Transport with Density and Energy

Module Responsibility

Basic 2D and 3D Formmlation Mercer, Faust

The code will be written and maintained in the structured prograsming
language FLECS. Target dates for completing the tasks were set:

Task Target

Operational Flow Code September 1979

Documented (Teachable Flow Code) January 1980

Published Basic Modules (TWRI) 1980.

John D. Bredehoeft

ACH/RSTC
ACH/SP&DM

ACH/O

RH, NR, SR, CR, WR
GW Branch

R. Wolff

R. Cooley

S. Larson

D. Posson

D. Crove

W “... modules ... are basically compatible

Bacic 2D and 3D ¥Fc
Parameter Estimatd
Transport Without
Unsaturated Flow

» Functions Papadopulos

One Hundred Years of Earth Science in the Public Service

and yet independent of each other.”




MODFLOW Philosophy
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Teachable
Documented
Reliable
Robust
Efficient
Extensible
Portable
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MODFLOW Support Environment

Core Principles
Teachable

Documented
Reliable
Robust
Efficient
Extensible
Portable

asnNi®
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MODFLOW 6

MT3DMS
GSFLOW-PRMS MI3D-USGS, USG\ PHREEQC-PHT3D
SWB, HSPF, SWAT SEAWAT, SWI, GWT PHWAT
OWHM \ RT3D
Solute and Heat\
Transport
Landscape \ \ Reactive \
Hydrology N MODPATH
\ mod-PATH3DU
SAMG ——. PATH3D
PKS-MODFLOW \ FlowSource
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MODFLOW 6 B~ Parallel \ Analysis
Core Principles
Teachable
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Efficient
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Flow
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WHAT’S NEW?

ZUSGS



Active Development

= MODFLOW 6
" Groundwater Flow (GWF) Model
" Compaction and Subsidence (CSUB) Package
" Groundwater Transport (GWT) Model

" Coupled Variable-Density Flow and Transport
" MODFLOW API

" Related Programs
" FloPy
" MODPATH
" MT3D-USGS

USGS
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Groundwater
Flow (GWF)
Model
Discretization o General-Head
Node Property Specified Stream-Flow
(DIS, DISV, Storage (STO) Head (CHD Boundary Routing (SFR
DISU) Flow (NPF) ( ) (GHB) uting ( )
Initial Horizontal Compaction and
Conditions Flow Barrier Subsidence Well (WEL) Drain (DRN) Lake (LAK)
(IC) (HFB) (CSUB)
Ghost Node Multi-Aquifer
Outpuct)gontrol Croreion Re}gl&a'\_l"ge River (RIV) Well (MAW)
(0C) (GNC) i)
Unsaturated
Observations Buoyancy Evapo- Zone Flow
(OBS) (BUY) transpiration (UZF)
(2Y2))
Water Mover
(MVR)
Data Input Internal Internal Hydrologic Advanced
Flow Flow Stress Stress
a2 USGS
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Regular or Unstructured Grids

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

= USGS



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

= USGS




Hydrostratigraphic Framework Model

= 77 hydrostratigraphic

units

= 98 faults and structural N
features .

= Convert Earthvision = N
hydrostratigraphic model B |..
into a MODFLOW 6 GWF =
model - L—

= USGS



MODFLOW 6 Model

" Python and the FloPy

Package used to convert

|

o i

ion

Earthvis

S

DA OARXA
LA
‘,...”.. 00

KO
QA
ARG
o;.'%
)

.wo oo
) .,. i\ :ooooo“o 0

()

D —
T O
2 3
o E
‘= ©
o=
“ 0O
lmL
= L
f
n

o=
S 0
yt
c £

= USGS



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

ZUSGS



Nested Grids

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 B i
- of MT3DMS Updated with New and Expanded Transport
with S.S. Papadopulos & Capabile or Use with MODFLOW

Associates Inc.

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

" Regular MODFLOW grids

= USGS

& Associates, Inc



MODFLOW 6 Groundwater Transport Model

" First released October 2020
" New model type in MODFLOW 6

" Developed in collaboration with Sorab Panday, GSI "OCESI
Environmental Inc.

" Patterned after MT3D, USG-Transport, MODFLOW-GWT, SUTRA

g (ngc) = -V -(qC)+ V- (S,0DVC) + q.Cs + My — \1605,C — 11085,
) (Swé) B nim
_fmpb ot — )\2fmprwC — ’72fmpb5w — Z CimSw (C — sz)

mm=1
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Groundwater
Transport
(GWT) Model




Groundwater
Transport
(GWT) Model

Discretization
(DIS, DISV,
DISU)

Initial

Conditions
(IC)

Output Control
(GC)

Observations
(OBS)

Flow Model
Interface (FMI)

Data Input
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Groundwater

Discretization
(DIS, DISV,
DISU)

Initial

Conditions
(IC)

Output Control
(GC)

Observations
(OBS)

Flow Model
Interface (FMI)

Data Input
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Groundwater
Transport

(GWT) Model
|
r-= J‘ e r-= J‘ e
I Mobile | I Immobile |
Domain Domain
- =1 e = = -1
Discretization
(DIS, DISV,
DISU)
- General Features
coniey « Works with DIS, DISV, and DISU model grids
« Supports active dry cells” from Newton flow
R formulation
« Current implementation uses implicit formulation
R for all transport terms
* Flow and transport grids must be the same
Flow Model

Interface (FMI)

Data Input
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Groundwater

Discretization
(DIS, DISV,
DISU)

Initial

Conditions
(IC)

Output Control
(GC)

Observations
(OBS)

Flow Model
Interface (FMI)

Data Input
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Groundwater
Transport

(GWT)lModeI
—_IL_. —_1_.
)| )|
- - - — - -
Discretization l )
(Dlgl,sod)sv, A‘gx%c\t/';’”
_ Inii S— Advection (ADV) Package Dispersion (DSP) Package
e (DSP) « Central in space « Generalized unstructured
S » Upstream R formulation |
(0C) « Second-order implicit « Fast and approximate, or
. TVD with van Leer flux « XT3D formulation with
e limiter expanded stencil
* No particle-based
|nf<i,cr)fvgcl\go(gf\3/ln) methods
Data Input
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Groundwater

Transport
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Groundwater

Transport
(GWT) Model
I
r = J‘ — = r = J‘ — =
I Mobile | I Immobile |
Domain Domain
e - — e = =
I
I [
g || et
DISU) (ADV) (SSM)
coMiial Disprson Mass aace Genefr.allzed solute boundary
ac) (SRC) conditions
Output Control Constant * Concentration associated with
(OC) Concentration )
(CNC) groundwater inflows (SSM)
Observations » Direct application or removal of
(O5S) solute mass (SRC)
Flow Model « Fixed concentration (CNC)

Interface (FMI)

Data Input Transport/

=USGS



Groundwater
Transport
(GWT) Model

Discretization
(DIS, DISV,
DISU)

Initial
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Output Control
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Transport/
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Mass storage and transfer within a cell

Storage
Sorption
First or zero-order decay/production



Groundwater

Discretization
(DIS, DISV,
DISU)

Initial

Conditions
(IC)

Output Control
(GC)

Observations
(OBS)

Flow Model
Interface (FMI)

Data Input
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Groundwater

l-_J'_'l

I Immobile |
Domain
|

Support for advanced flow

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

« Simulate mass transfer
between flow packages

« Alternative to SSM

Transport
(GWT) Model
—_L_.
I Mobile |
Domain
l - - =
Discretization ) Source and Mobile Storage
(DIS, DISV, A?X\%C\t/';m Sink Mixing and Transfer Tra?r:rseaon:tﬂ(osvl\;T)
DISU) (SSM) (MST) P
Init.igl Dispersion Mass Sgurce Lake Transport QaCkag es
Conditions (DSP) Loading (LKT)
(IC) (SRC)
Constant Multi-Aquifer
Outpu(t)gontrol Concentration Well Transport
(0C) (CNC) (MWT)
Unsaturated
Observations Zone Transport
(OBS) (74p
Flow Model Move(rMT\r/"}r)‘SPO”
Interface (FMI)
Data Input Transport/ Transport/ Transport/
Grid External Internal
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Groundwater
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Groundwater
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Groundwater

Transport
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Groundwater

Immobile
Storage and
Transfer (IST)

Transport
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Groundwater
Transport
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Transport
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MODFLOW 6 GWF and GWT Approach
(Option 1: Separate Simulations)

A\

@Q\a‘\@“ MODFLOW 6
2 GWF

o

\O
S MODFLOW 6
GWT

= USGS

Can use different time-step lengths for GWT Model



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

& MODFLOW 6
o™ GWF/GWT

=
< USGS Must use same time-step lengths for both models



Groundwater Transport Model Status

" Available now in MODFLOW 6 EU,S..G_S.
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EXAMPLES
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Newton Formulation for Water Table Aquifers

" Minimizes wetting and drying complications

USGS
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Transport Solution for Perched Aquifers

" Instantaneous solute routing through the unsaturated zone

ZUSGS



Advanced Packages and Water Mover

A. Model Layer 1 B. Model Layer 3

14000

COLUMNS

10000
PLANATION
Inactive cells

Constant head at 50.0 feet, and concentration
in fluid source is zero

Constant head from 50.10 t feet, and
constant concentration in fluid source of
500 micrograms per liter

Constant head at 28.0 feet

Lake 1

Lake 2

6 0 0 2000 4000

X position (ft) X position (ft)

Stream and segment number

C. Model Layer 5 D. Model Layer 8

No-flow boundary

12000

10000

y position (ft)

4000 6000 : 2000 4000
X position (ft) X position (ft)




Surface and Groundwater Flow and Transport

COLUMNS

EXPLANATION

B mactive cells

| Constant head at 50.0 feet, and concentration
in fluid source is zero

[l Constant head from 50.10 to 50.15 feet, and
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500 micrograms per liter
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GWT (dashed lines)



Coupled Variable-Density Flow and Transport

" Run GWF and GWT

Groundwater

i n Same s i m u Iatio n Hydraulic-Head Formulation for

Density-Dependent Flow and Transport

" Turn on Buoyancy
Package in GWF
Model

" Represent salt as a
chemical species

ZUSGS




Coupled Flow and Transport Capabilities

TIME: 0.50 DAYS
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Does MODFLOW 6 work with PEST?
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Does MODFLOW 6 work with PEST?

Of course!
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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

N

USGS




Optimal Plume Management

= Standard 5-spot
injector/extractor
configuration

Injectors

USGS

N

Extractor




Optimal Plume Management

Extractor

= 20 years of treatment

" Configuration works,
but could it be better?

Injectors

USGS
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pestpp-mou (beta)

g 0 0 . PEST++, a Software Suite for Parameter Estimation,
® Constrained mUItl'ObjeCtlve Uncertainty Analysis, Management Optimization and

Sensitivity Analysis

optimization under uncertainty within
the PEST interface
" Template files, instruction files, control files
" Treat “risk” (probability of success) as
an objective

Contacts

= Uses first-order second-moment or
“stack’”-based “chances”
® Plays nicely with other PEST and PEST++ tools
" Fault-tolerant, model-independent, , i
parallel run management ; :

Complied PEST++ Executables

N
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Mapping Tradeoff Between Objectives

= Decision Variables 5-spot system
" 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

>
USGS o : a
mass_treated 1e9 total_cost le6 log10_final_max_concen
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MODFLOW API
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MODFLOW API

= API = Application Programming Interface

ReEwLY

A MODULAR THREE-DIMENSIONAL
FINITE-DIFFERENCE GROUNDWATER
FLOW MODEL

EVAPOTRANSPIRATION

\
00 -

rces Investigations,
2 s of Water-Resou

W
[(RiViKE] ‘:” United States Grologlcal Survey

DUIAR THREEDIMENSIONAL
DIFFERENCE GROUND-WATER
FLOW MODEL

0

W Ay

SUBROUTINE WELLFM(NNELLS, WOMELL, RHS, WELL, IBOUND,
1 NOOL , NROW, NLAY)

VERSION 1233 12MAY1987 WEL1FM

SPECTFICATIONS)
DIMENSTON RMSINCOL , NROW, NLAY)  WFLL (4,001 L)
1 TBOUND(NOOL » NROW, NLAY)

IF NUMBER OF WELLS <= O THEN RETURN.
IF(NELLS.LE.0) RETURN

c
C2-mm===PROCESS EACH WELL IN THE WELL LIST.
00 100 L=1,MELLS
IRWWELL (2,L)
IOWMELL(3,L)
ILeNELL(1,L)
QWELL (4,L)

IF THE CELL IS INACTIVE THEN BYPASS PROCESSING.
(IBUNDCIC, IR, 1L) ,LE.0) 60 TO 100

c
C2B-mme=1F THE CELL IS VARIABLE HEAD THEN SUBTRACT Q FROM
c R ATCR.
RiS(IC, L) *RHSC I L IL)-0
100 CONTINGE
¢

CmmmmnnkE IURN
RETURN
)




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

USGS Deltares
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MODFLOW API - Between Time Steps

Main Program

Define (DF)
Allocate and Read (AR)

TIME STEP LOOP

NO Last Time
Step

YES

Final Processing (FP)

Deallocate (DA)

USGS
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MODFLOW API - Between Time Steps

Main Program

Create (CR)

Define (DF) initialize
Allocate and Read (AR)

Read and Prepare (RP)
Calculate (CA)

update

a
o
o
=
a
i
=
17
w
=
=

Final Processing (FP)

Deallocate (DA)




MODFLOW API - Between Time Steps

Main Program

T
| cemeon | intialize
mf6 = XmiWrapper(‘libmf6.d11")
mf6.initialize(‘mfsim.nam’)
Time Update (TU) current_time = 0.

end_time = mf6.get_end_time()

Read and Prepare (RP)

update
Calculate (CA)

while current_time < end_time:
Output (OT) mf6. Update( )
current_time = mf6.get_current_time()

a
o
o
=
a
i
=
17
w
=
=

Last Time

mf6.finalize()

¢

YES

Final Processing (FP)

Deallocate (DA)

N




MODFLOW API — Within a Time Step

Time Update (TU)
Read and Prepare (RP)

Calculate (CA)
Output (OT)

ZUSGS



MODFLOW API — Within a Time Step

Time Update (TU)
Read and Prepare (RP)

Calculate (CA) do_time_step

N

USGS



MODFLOW API — Within a Time Step

mfé6 = XmiWrapper(‘libmf6.d11")
mf6.initialize(‘mfsim.nam’)
oz current_time = 0.

SR e S end_time = mf6.get_end_time()

while current_time < end_time:

dt = mf6.get_tine_step()
mf6.prepare_time_step(dt)

finalize_time_step mf6. d(_)—t ime—Ste,p ()
mf6.finalize_time_step()

current_time = mf6.get_current_time()

update

mf6.finalize()

USGS
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MODFLOW API - Within an Iteration

do_time_step

Advance (AD)

Calculate Coefficients (CF)
Fill Coefficients (FC)
Newton Raphson (NR)
Linear Solve (LS)

Convergence Check (CC)

CONVERGENCE LOOP

Newton Dampening (ND)

=
(@)

Converged

<

YES

Budget (BD)




MODFLOW API - Within an Iteration

do_time_step

Calculate Coefficients (CF)
Fill Coefficients (FC)
Newton Raphson (NR)
Linear Solve (LS)

Convergence Check (CC)

o
o
(@]
3
w
(@)
=
w
O
oc
w
>
=2
(@]
(@)

Newton Dampening (ND)




MODFLOW API - Within an Iteration

do_time_step mf6 = XmiWrapper(‘libmf6.d11")

mf6.initialize(‘mfsim.nam’)

current_time = 0.

end_time = mf6.get_end_time()

Calculate Coefficients (CF)

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

Newton Raphson (NR) mf6.prepare_time_step(dt)

Fill Coefficients (FC)

Linear Solve (LS) kiter ) —_
mf6.prepare_solve(1)
while kiter < max_iter:
Newton Dampening (ND) has_converged = mf6.solve(l) L do_time_step
if has_converged:
break
mf6.finalize_solve(1)

Convergence Check (CC)

o
o
o | T
-
w
O
=z
w
o || tnersovers |
oc
w
>
=z
8 | [ conenencecreceica ]
O

Converged

O

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

mf6.finalize()




Why We’re Excited about the API!

" Tight integration with other models

= Callable from other languages, such
as Python; access to 3" 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

N
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ONLINE RESOURCES

= USGS



MODFLOW Distribution

RUSGS o e o e e | =

scence for a changing
MODFLOW and Related Programs

MODFLOW is the USGS's modular hydrologic model. MODFLOW is considered an Status - Active _
el o shenag I o, MODFLOW 6: USGS Modular Hydrologic Model

20

Contacts Release Date: OCTOBER 22, 2020 Contacts

actively maintained and supportex

For over 30 years, the MODFLOW program has been widely used by private , and gover scientists to

accurately, reliably, and efficiently simulate groundwater flow. With time, growing interest in surface and groundwater interactions, local USGS MODFLOW Team
Onginally deveioped and released solely as a groundwater-fiow with nested and grids, karst groundwater flow, solute transport, and saltwater intrusion, has led to the

simulation code when first published In 1984, MODFLOW's modular oW P development of numerous MODFLOW versions. Although these MODFLOW versions are often based on the core MODFLOW version Email: modfiow

structure has provided a robust framework for integration of acditional (previously MODFLON 005), there are often incompatibilities that restrict their use with other MODFLOW versions. In many cases,

simulation capabiities that bulld on and enhance its original scope. development of these alternative MODFLOW versions has been challenging due 10 the underlying program structure, which was

The family of MODFLOW-related programs now includes capabiities Explore More designed for the simulation of a single groundwater flow model using a regular MODFLOW grid consisting of layers, rows, and columns.
10 smulate coupled groundwater/surface-water systems, solute Smence & - . v bt o Y

transpon, variable-density flow (including saitwater), aquifer-system ’ .
compaction and land subsidence, parameter estmation, and . e e Explore More Science
PR e ; Overview of MODFLOW 6 MODFLOW
MODFLOW Development Plans, July 20, o MODFLOW 6 i an bjectciented program andframewrk doveloped o -
2020 " " provide a platform for supporting multiple models and multiple types of
S models within the same simulation. This version of MODFLOW is labeled with
The USGS Water Mission Area actively deveiops and supports the
MODFLOW suite of pr 18 Incho a "6" because it is the sixth core version of MODFLOW to be released by the
maintenance and support fo ¢ such a: USGS (previous core versions were released in 1984, 1988, 1996, 2000, and
MODFLOW 6, MODFLOV MODFLOW-NWT, MODFLOW-USG, MODPATH, MT30-USGS, and related 2005). In the new design, any number of models can be included in a
and supporting programs such as FloPy and PEST++. Current development effonts are focused on adding new simulation, These models can be independent of one another with no
capabiities to MODFLOW 6. These development efforts include: 1 1, they can tion with one another, or they can be
tightly coupled at the matrix level by adding them to the same numerical
solution, Transfer of information between models is isolated to exchange
Core Versions objects, which allow models to be developed and used independently of one
another. Within this new framework, a regional-scale groundwater model may
* MODFLOW 6: current core version be coupled with multiple local-scale groundwater models. Or, a surface-water
* MODFLOW-2005: previous core version flow model could be coupled to multiple groundwater flow models. The
framework naturally allows for future extensions to include the simulation of
solute transport.

USGS MODFLOW Team

MODFLOW Variants: Newer, specialized, or versions of MODFLOW for use by experienced
modelers

This figure shows a triangular grid in which the size of
the triangular cells is reduced in areas with relatively
MODFLOW-NWT: MODFLOW-NWT uses a Newton-Raphson formulation to improve solution of large hydraufic gradients, such as around the
unconfined groundwater-flow problems. Groundwater Flow (GWF) and Groundwater Transport (GWT) Models shoreline of a lake, near pumping wells, and along a
MODFLOW-USG: MODFLOW-USG uses an unstructured-grid approach to simulate groundwater flow MODFLOW 6 presently contains two types of hydrologic models, the stream. This type of layered grid can be represented
and tightly coupled processes using a control volume finite-difference formulation Groundwater Flow (GWF) Model and the Groundwater Transport (GWT)  USind the Discrafization by Vertices (DISV) Package in
GSFLOW: GSFLOW is a coupled groundwater and surface-water flow model based on the USGS Model. The GWF Model for MODFLOW 6 is based on a generalized control- MoDFLOW 6.

Precipitation-Runoff Modeling System (PRMS), MODFLOW-2005, and MODFLOW-NWT.

GWM: The Groundwater Management (GWM) Process for MODFLOW-2000 and

MODFLOW-2005 is used to simulate groundwater management




Additional Online Resources

Main Repository Executables

MODFLOW 6: USGS Modular Hydrologic Model ) MODFLOW EXECUTABLES

Introduction

Pymake Nightly Build Examples

MODFLOW 6 development version of binary executables

pymake

xample Problems

Version 1.2 Snoltles ieeoss i ossbnt o ool MOOFLOW 8t e MODFLOW 6 Example Problems
Iy ) SR R Ey




CONCLUDING REMARKS
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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, ...

USGS
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Any Questions?

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



Final Poll

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



