GMS 10.2 Tutorial

MODFLOW 1

Stochastic Modeling, PEST Null

Space Monte Carlo |
Use PEST to create multiple calibrated MODFLOW simulations
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The PEST Null Space Monte Carlo modeling option for MODFLOW is descrithaltl Space Monte
Carlo is used to create multiple calibrated MODFLOW models.
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1 Introduction

GMS supports three methods for perforgitochastic simulations: parameter
randomization, indicator simulations, and PEST Null Space Monte Qdmofirst two
approaches are described in separate tutorials. This tutorial will introduce theNREST
Space Monte Carlo method.

This tutorialbor ows heavi | y f PESMmWdksHogocubenhFarthery 6 s
all credit for this approach to quantifying model uncertainty go&oteertyand his ce
authors.

There is always a significant amount of uncertainty associated with a groundwater
model.This uncertainty can be associated with the conceptual ntbddield dataor

the input parameters of the modgbme model parametérsuch as hydraulic
conductivityd are particularly prone to uncertainiyhis uncertainty can be reduced by
calibrating a mdel to observation data (monitoring wells, stream flaws, so oh
However, even a wellalibrated model can have significant uncertainty associated with
it.

The challenge with a groundwater model is to explore the uncertainty while maintaining

a calibated modeli(e., agood fit with fieldmeasured values). The generation of model

input parameters that will respect calibration constraints is adimsuming matter

since a parameter estimation exercise must be undertaken for each new set of parameters.
Two tools provided with PEST greatly reduce the amount of time required to perform
calibratiorconstrained Monte Carlo analysis of a groundwater model.

The first is the use of SVABssist in the calibration process. The second ipthe
calibration nullspacé projection This projection expresses tH#ferences between the
stochastic parameter fields and the simplified calibration parametesfietdfiedto
calibrate the modeBYy using both of these utilitie#t is possible to obtain parameter sets

! Doherty, dhn Date unknownPEST Workshop, Regularized Inversid Predictive Error
Variance AnalysisWatermark Numerical Computing, Corinda, Australiap&ges

2 The null space is comprised of individual parameters, or combinations of parameters, that have

no effect on model outputs under calibration conditioesE combinations of parameters can
therefore be added to any set of parameters that calibrates the model, thus producing another set of
parameters that also calibrates the model.
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that respect both the stochastic variability of the subsurface as well as thedaddred
values This is accomplished with only a handful of runs per realization.

This tutorialstartswith a calibrated MODFLOW modeised as a starting point to create
additional calibrated models with different hydraulic conductivity (HRiot points

have been used to estimati fields. PESTO running in SVDAssist modé was used

to calibrate the model.

A groundwater model for an unconfined alluvial aquifer in WiscqridA, is shown in
Figurel. The alluvium is highly variable in terms of hydraulic conductivity. In some
areas, it is composed of walbrted gravelsvith high conductivity while in other areas it
is composed of sandy sikkgth low conductivity While the location and description of
the model area are accurate, the observation wells used in this exercise are-not field
measured values.

Lake Wisconsin
Otter Creek /

Wisconsin River

£,

Figure 1  Study area

The model is bounded on the east bke &Visconsin and on the south by the Wisconsin
River. A stream (Otter Creek) is used as the western boundary. Based on observed heads,
it is assumed that a significant amount of recharge occurs along the northern boundary.
The aquifer becomes very thin whapproaching the northern and western boundaries.

Thistutorial discussed and demonstrates opeaifdODFLOWmodelcalibrated using
PEST with SVDAssist settingup a Null Space Monte Cartoodelrun, and running
ParallelPEST with SVDAssistand Null Spae parameter projectidor multiple model
runs
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2 Getting Started

Do the followingto get started
1. If necessary, launch GMS.

2. If GMS is already running, seleEtle | Newto ensure that the program settings
are restored to their default state.

2.1 Importing the Project

First,importa project containing the MODFLOWblution
1. Click Openiﬁ’to bring up theDpendialog
2. Sel ect AProj ect Filesoftgpdrogdowngpr ) fr om t he

3. Browse tathe TutorialasMODFLOWSsto _pest_nsmc_directoryand select
fistartgpro.

4. Click Opento import the project and exit ti@pendialog
A one layer MODFLOW modekith observation wellshould appearFjgure?2).
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Figure 2  Calibrated MODFLOW model
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5. Fully expandhe# 3D Grid Datad f dnl thebRrojectExplorer.

6. Right-click on thefiad start (MODFLOWY folder and seledPropertiesé to
bring up thePropertiesdialog.

This dialog allows for reviewinthe error associated with the modehis model is fairly
well calibrated Notice thatRoot Mean Squared Residfbleads)has a value of about
fi1.33 andSum of Squared Weighted Residii#ads-Flow) has a value cdibout
f197.%. Most of the computed heads at the observation wells are within acceptable
limits (green targets); seral of the observations wells has@mputed heads just outside
of acceptable limitsyellow target} and one observation well has significant error (red
target).

7. Click Doneto exit thePropertiesdialog.

8. SelectthefiE

HK Parameter1000 datasetn the ProjectExplorer.

The Main Graphics Windowhouldappearsimilar toFigure3.

HK Parameter -100

3T1.46428571429
314 392857142586

207 32142807143
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1717142557 1429
114,64 2807142568
G7.571423571429
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L

Figure 3  Hydraulic conductivity (HK) field for calibrated model

This model was calibrated using PEST with S¥Bxsist and pilot points to estimate the
hydraulic conductivity (HK) of the aquifer. The above figure shows the final estimate of
HK. When runnindP?EST with the Null Space Monte Carlo methdifferent HK fields

will be createdhat will also calibrate the model.

9. Select thei
view.

Head dataset in théProject Exploreto reset back to the original
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3 Using the Null Space Monte Carlo Method

3.1 The MODFLOW Run Options

Now set up a Null Space Monte Carlo r&or this tutorial only threerealizationswill
be performedwWhen donethere wil bethreedifferent MODFLOW models with
different HK arrays that all calibrate the model.

1. SelectMODFLOW]| Global Optionsé commando open theilODFLOW
Global/Basic Packagdialog

2. IntheRun optionsection, slectStochastic Inverse

Notice that the textvelow theStochastic Inverseption has changed explainthat the
stochastic method BEST Null Space Monte Carlo

3. Click Stochastic Optiong to open theStochastic Optiondialog

This dialog is used to change the stochastic ogtibne other optionavailable in this

dialog are explained in separate tutorials. With the data that is currently loaded in GMS
the only stochastic inverse option available is PEST Null Space Monte Davladler to

use the Null Space Monte Carlo methttubre must be mocel that has already been
calibrated using PEST with SVVBssist.

4. Click theOptionsé buttonnext toPESTNSMCto open theévlonte Carlo
Optionsdialog

Leave most of the inputs in this dialog at their default valllee number ofealizations

to be run needw be changedaind PESTheedsan indication of the amount of acceptable
error forthemodel.The Random seedlill be alsospecifiedto allowreplication ofthe
results of the sample solutidor this tutorial.

5. Enterfi3o for Number of realizations
6. Enterfi200.0 for Termination threshold (PHISTOPTHRESH)

This value tells PESTo stop when the total model error is 200 or less. Remember that
the total error fothis calibrated model was about 197.

7. SelectiiYesd from theRANDPAR' Specify random seattop-down
8. Enterfil00 for RANDPAR Random seed

9. Click OK to exit theMonte Carlo Optionglialog.

10. Click OK to exit theStochastic Optiondialog.

11. Click OK to exit theMODFLOW Global/Basic Packag#alog.
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3.2 Parameter Options

Next, selectwhich parametershouldvary during the Monte Carlo process.
1. SelectMODFLOW)|Parameters to bring up thdParameterslialog
2. 0n the AHK_1000 r o $tgchastih Raodomibelumn b o X

Turning on this option indicates the desirevémy the values at the pilot points that
estimate the HK_100 parameter during the Monte Carlo runs.

3. Click OK to exit theParameterglialog

3.3  Saving the Project and Running PEST

Now save the project and ri’ESTin stochastic mode.
1. SelectFile | Save A€ to bring up theSave Aslialog
2. Sel ectctf Fridjees ( *Savg gsitypdiopdownom t he
3. Enterfistagpro as theFile name
4. Click Saveto save the project under the new name and closgabhe Aslialog
5

SelectMODFLOW| Run MODFLOW é to bring up thelODFLOW/PEST
Parameter Estimatiodialog

Paamllel PESTand MODFLOW arenow running in stochastiaversemode.There are
four sections of the dialogeeFigure4).

(& MODFLOW/PEST Parametar Estimation S
Finished

Errcr vz Iteration lteration | Emor RIV_501 |RCH_602 RCH_601 |sclvl ‘ sclv2

:x 1 10770.0 | 0.061269 0.00073393398 0.001 64.96617 15524

b 2 85087 |0.061269 0.00079995998 0.001 76.9285 | 108.12

x 3 20736 |0.061269 0.00073393398 0.001 59.75548 | 75.576
0o, 4 6394 0.061269 | 0.00073395998 | 0.001 4996856 | 64254

5 189.0 0.061269 | 0.00073393398 | 0.001 41.46567 | 66.741

pHagd

! . ! ! < [m v

Total elapsed time: 0 hrs 2 min 14 sec Stochastic inverse: Cumently executing run 3 of 3 runs
Ouiput option: @ Bict © Verbose Run |Name |Mum.ter |Emor |RIVS01 |ACH602 | RCH_6D1 [sol
e o i o ST B 1740 0061269 000079999938 0001 3
7 |stol02 4 1860 0061265 000079999838 0001 400
atuss snve 3 |sto03 5 189.0 0061269 0.00079999888 0001  41.
e BEST pas £il= so zum EST in D
v set of imitial parameter value
walues into
1« L 3
V| Read solution anexit  [¥] Tum on contours f ot on already)

Help Stop w/ Statistics

Figure 4 The graph, PEST iterations, runs, and output sections (clockwise from top left) of
the MODFLOW/PEST Parameter Estimation dialog
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The top left section featuregyaaphthatshows the model error vs. PEST iteratida.

the right of the graph is a spreadsh&eiwingthe model error and the parameter values
for each PESTteration.Below that, in the bottom right section, is another spreadsheet
showing the results for each realization (run) and includes the number of PEST
iterations, the model error, and the parameter values. In the bottom left se¢érn,
window shows the output PEST priato the screewhen runfrom the command line.

There are many steps involved in running PEST with the Null Space Monte Carlo
method GMS runs several PEST utilities to make all of this happen. The following is
list of the stepsnivolved.

1.

PEST runs MODFLOW once for each parameter to compute a Jacobian matrix.
In this casethere isa steady state modahdParallel PESTs being usedso this
step is completed fairly quickly.

PPCOVis a PEST utilitythat generategncertainty infomation for the pilot
points.The PPCOV utility generates a covariance matrix for the pilot points.
This matrix is created using the variogram that is specified as part of the
interpolation options for the pilot pointSor this reason, kriginust be usg
with the pilot points ifusingthe Null Space Monte Carlo method.

RANDPARIis a PEST utilitythatgeneraterandom values for the parameters
that arebeingrandomizd, savingone file for each realizatioin this example
these filesarenamedfisto000_radoml.pab, fisto000_random2.parand
fisto000_randoma3.par

PNULPARIis a PEST utilitythat modifieshe random parameter values through
Null Space projectiorgeneraing one file for each realizatioin this example
these fileaarenamedisto000_random uil.pao, fisto000_random_nul2.pa@r
andfisto000_random_nul3.parAn explanation of how PNULPAR calculates
values is given below:

In this process the differencefirst taken between each parameter set and
the cdibration parameer; this difference is theprojected onto the

calibration null space, and the projegtlifference readded to the

calibration parameter set. If the model were linear, and if the cutoff between
null and solution spaces were sharp, each new parameter set obtained in this
way wouldcalibrate the model with an identical objective function to that
achieved using the calibration parameter set. However, in general, random
parameter sets modified in this manner do not result in perfectly calibrated
models, and will thus require adjustménbrder that calibration constraints
be respected. Such adjustment takes place through alterations made to the
calibrationsolution space (leaving the null space untoucfied).

SVDAPREPIs a PEST utilitythat createa new PEST input fileRST) using
information from the original PEST run in step 1. PEST thes 8¥D-assisted
parameter estimation, greatly reducing the number of model runs required for
each PEST iteration.

% Doherty(Date unknown)
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6. For each realizatigriwo steps are required:

a. PARREPis a PEST utilitythat substitigsthe parameter values
generated by PNULPAR in steffar the current realization

b. PEST is launched using the parameter values for the current realization
and runs until the objective function is at or below PHISTOPTHRESH
or until that maximum number oF5T iterations is reached.

The time required for this process can vary depending on the speed of the computer
being usedif PEST failswhile executing the ruradjust theParallel PEST wait time to a
value offi0.10 (or greater) instead of the default valof i0.0010. This is specified in the
PEST dialog accessed by selecti@DFLOW |Parameter Estimationé in GMS.

3.4 Importing and Viewing the MODFLOW Solutions

Once all the MODFLOW runs are completadportthe solutionsNotice that for this
examplethe nodel error for each of the realizations is less than EAth of these new
models is calibrated to the same level of errdhasriginal model.

1. Turn onRead solution on ex@&ndTurn on contours (if not on already)

2. Click Closeto close theiODFLOW/PESTParameter Estimatiodialog and
open theReading Stochastic Solutiodi®log

3. Click OK to close thReading Stochastic Solutiod&log and imporall
converged solutions.

4, Ful | y e x p ehsto (MODELOW)ESWOdFolder in theProject
Explorer.

5. View each of the three individual solutions within that folder by selecting each
in turn.

Notice how the observation targets change with eachisolaind that the targets
generallyremain within acceptable error limigBigure5).

ol
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Simulation name: start
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