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INTRODUCTION

First,we applaudDr. Gotwayfor seekingvia her paperto exposea wider
audienceof statisticiansto the many interestingand challengingmodelingand
statisticalproblemsin the environmentalarea. Thiswell-writtenpaper
effectiveexplainsthe WIPP and the contextof the analysis. Dr. Gotway's
paperdescribesa geostatisticalconditionalsimulationapproachcombinedwith
deterministicmodelingto estimatethe cumulativedistributionfunction(cdf)
of groundwatertraveltime (GWTT),informationthatis neededfor estimating
the cumulativereleaseof nuclearwastefromthe repository.

We beginour discussionwithcommentsand questionson modelingaspectsof Dr.
Gotway'spaper. Then we discussuncertaintyand sensitivityanalysesand some
of the problemsinherentwith implementingthosetechniques,including
correlations,elicitationof expertopinion,andplanningto achievespecified
DataQualityObjectives(DQOs).

MODELING

Thispaperpresentsthe sequentialnatureof the complexcalculationsrequired
to predictthe performanceof a geologicrepository.Such a predictionis
necessaryto obtainregulatoryapprovalfer transuranicwastedisposal. Dr.
Gotway'spapershowsthe calculationsfor one partof the process:the ground-
watertraveltime in the CulebraDolomitefrom a locationabovethe centerof
the repositoryover a distance(unspecifiedin the paper)outsidethe
boundariesof the currentWIPP site.
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Under the current conceptual model for the behavior of the bedded salt in the
Salado formation, the only credible potential pathway for the repository
contents to reach the Culebra in 10,000 years is through a borehole intrusion
into the repository Transmissivity is clearly an important variable
determining the transport of radionuclides in the Culebra. Other major
sources of uncertainty include the quantity of radtonucltdes introduced to the
Culebra and the amount of chemical retardation provided by the Culebra to slow
the transport of individual constituents. Estimating the transmissivity field
is computationally intensive with a 0.5 km grid size (3486 grid elements) from
41 r,leasured values at irregularly-spaced boreholes. Although the emphasis of
the paper is on estimating the variogram of the transmissivity measurements,
it is interesting to note that the robust estimator of the empirical variogram
was not used. Instead, the method of momentsestimator was used to provide
the "data" for modeling the parametric (exponential) variogram.

The validity of the transmtssivity field simulation process (Sections IlI and
IV) is clearly an important topic. It should be possible to check the
validity of the generated transmissivity field by comparing the multiple
realizations of the transmissivity field to new transmisstvity data collected
over the site. While collecting new data may be expensive, a confirmation
that the simulation procedure provides reasonable transmissivity results would
help establish the validity of the GV#TTcdf. Of course, the validity of the
transfer function and of the GV#TTcdf is much more difficult and can be
addressed only indirectly by using tools such as uncertainty and sensitivity
analyses (discussed later).

The groundwater flow model (equation 5.1) contains several variables, but only
permeability (k), which is related to transmissivity (T) and aquifer thickness
(b) by T - bk, is treated as stochastic for this analysis. Although equation
5.1 is solved for pressure, it must be calibrated to existing pressure
measurements that are a function of both time and space. The model
calibration procedure is a fascinating statistical problem, showing the
complex relationships between the model parameters and measured variables. It
is unfortunate that Dr. Gotway did not describe the proposed methodology of
LaVenue and Pickens (1992) in more detail, as it is not yet available in the
open literature. Presumably, their proposed methodology is based on the
inverse methodology developed by Neumanand Yakowitz (1979). We note in
passing that Dr. Gotway does not indicate why equation (5.1) was solved using
44 different simulated transmissivity fields. That is, why were 44 runs used?

Regarding the use of conditional simulations, we wonder if it makes sense to
force the simulated surface to pass through the original transmissivity data
points. That procedure seems to imply the measured data are "true" with no
uncertainty. What would be the effect on the predicted GNTTif that
restriction were relaxed so that measurement variability and uncertainty were
included in the analysis?
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UNCERTAINTYANO S{NSITIVITYANALYSIS

In the summaryof her paper,Dr. Gotwaystatesthatthe statisticalproperties
of the procedurein her paperhavenot beenstudied. She indicatesthat
futurework shouldincludesensitivityanalyses,comparisonof stochastic
simulationalgorithms,and evaluationsto determinethe robustnessof methods
to departurefromkey assumptions.We wholeheartilyagreewith the need for
suchstudies,and, in the remainderof thisdiscussion,offersomecommentson
thattopic.

Dr. Gotwayoutlinesa methodcurrentlybeingusedto estimatethe cdf of GWTT.
Thismethodgeneratesrealizationsof GWTT usinga modelof the spatial
variabilityof transmissivitiesand a deterministictransferfunction. The
cdf is intendedto representthe uncertaintyof predictedGWTTsobtainedusing
the transferfunction.The processusedto obtainthe cdf is uncertainty
analysis(IAEA1989;MorganandHenrion1990). Of course,the estimatedcdf
itselfhas uncertaintybecauseof uncertaintyaboutseveralfactors,including
the variogrammodel,the methodusedto obtainmultiplerealizationsof
transmissivities,the deterministictransferfunctionmodel,modelparameter
values,and samplingandmeasurementerrors.

Dr. Gotwaydoesnot discussthe modelthat linksGWTTto the quantityof
interest,namelythe ratethatradionuclidesare releasedfromthe WIPP.
Nevertheless,uncertaintyin predictedGWTT probablywill be a majorcomponent
of the uncertaintyin the predictedreleaserate. The uncertaintyof this
rate becomesimportantif it is largeenoughfor the uncertaintyerrorband
aroundthe cdf of releaserateto approachor exceedregulatorylimitsor
guidelines(Bingham1992). In this situation,it is importantto determine
howmuch the uncertaintyin predictedreleaseratecouldbe reducedby
reducingthe uncertaintyin the predictedGWTT. Whetherit is possibleto
substantiallyreducethat uncertaintycan be investigatedby usingsensitivity
analysis•This processdeterminesthosecomponentsof the GWTTmodelthat
contributethemost uncertaintyto predictedGWTT values. Then,effortsto
reduceuncertaintyin predictedGWTTs,and consequentlyin the predicted
releaserates,can focuson thosekey sourcesof uncertainty.

Thereare severalmethodsof conductingsensitivityanalyses,including

• deterministicmethodswhereone or more factorsare allowedto vary
whileotherfactorsare held constantat nominalvalues

• the standardizedpartialdifferentialmethod
• parametricresponsesurfacemethods,whereone or more factorsare

systematicallyassignedvaluesaccordingto a design
• probabilisticmethodsthat applycorrelation,rankcorrelation,and

regressionto the multiplerealizationsobtainedfrom uncertainty
analyses.

Suchmethodsare discussedin, e.g.Morganand Henrion(1990),Imanand Helton
(1985),Imanet al. (1985),and McKayet al. (1992).

SensitivityanalysesusingLatinHypercubesamplingand responsesurface
methodologiesare a largepartof the WIPP PerformanceAssessmentprogram,
althoughDr. Gotwaydoes not discusstheseanalyses. Itwouldbe helpfulif,
in her rejoinderto thisdiscussion,Dr. Gotwaywoulddiscussthe sensitivity
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methodsbeingusedtogetherwith applicablereferencesto theirwork. One
suchreferenceis Heltonet al. (1992). Culebratraveltime is one of 45
variablesused in the sensitivityand uncertaintyanalysesdescribedin that
paper.

CORRELATION

An importantpartof the procedurediscussedin Dr. Gotway'spaperis the use
of geostatisticsto includethe spatialcorrelationstructureof
transmissivitymeasurementsin the simulationprocess. Althoughspatial
correlationis certainlyan importantfactor,othertypesof correlationsmust
alsobe considered,suchas correlationsamongmodelparametersand
correlationsthatarisefromthe structureand interrelationshipsamongmodel
components.With regardto structuralcorrelations,experiencehas shown
(Simpson1993)the importanceof maintainingand propagatingstructural
correlationthroughoutallmodeland submodelcalculationsneededto estimate
eachrealizationof the finaloutput. Caremust be takennot to lose
structuralcorrelationby storingintermediateresultsas, e.g.a cdf, and
thenregeneratingrandomrealizationsfrom the cdf for use at laterstagesin
themodelingprocess.

As concernsparametercorrelations,a substantiallack of knowledgeand data
for selectingor estimatingthe correlationsis oftenthe case. In some
situations,it may be possibleto conductfieldstudiesto obtainthe needed
information.In othercases,relianceon expertopinionmay be the only
option.

ELICITATIONOF EXPERTOPINION

The elicitationof expertopinionis an extremelyimportantaspectof many
uncertaintyanalysesof deterministicmodels. Expertsare typicallyneeded
for severalreasons,includingdevelopingconceptualand mathematicalmodels,
reconstructingimportanthistoricalevents,anddeveloping(encoding)cdfs
thatcharacterizelackof knowledgeaboutparametervalues. Somerecent
referenceson the elicitationof expertopinionare Meyerand Booker(1991),
Cooke(1991),Morganand Henrion(Iggo),Roberds(]g90),Hora and Iman (198g),
and Elderkinand Kelly(19g0). Althoughelicitationof expertopinionis
clearlyan importantcomponentof uncertaintyand sensitivityanalyses,it is
appropriateonlywhen relevantdata is not availableor cannotbe obtainedby
measurementor by searchingthroughhistoricalrecords. Carefuldocumentation
of the elicitationand reasoningprocessesmust be generated.

DATA QUALITYOBJECTIVES

Two problemsthatmustbe facedare (I)establishingthe acceptable
probabilitiesof makingdecisionerrorsfor the bottom-linedecisions,and (2)
determiningwhichcomponentsof the deterministicand statisticalmodelshave
uncertaintiesthatwill resultin unacceptablylargedecisionerrorrates.



The following questions arise:

• What are the Data Quality Objectives (DqOs)? For example, what levels
of accuracy and precision of the cdf of travel time and release rate are
required?

• What are the acceptable probabilities of making Type I and Type II
decision errors when deciding whether the WIPP can meet EPA regulations?

• What level of effort (measured in dollars and time) is reasonable to
expend to reduce decision error rates?

The thought of working backwards from DqOson performance measures to data
needs when complicated models are present may boggle the mind. However, a
successful approach could include the use of uncertainty and sensitivity
analyses to determine the componentsthat contribute large uncertainties to
predictions. Then, setting DQOsthat must or can be achieved for the cdf of
GWTTand the important componentscould lead to better assessments of needed
dollar and time resources.
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