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EXECUTIVESUMMARY

The HanfordSite PermanentIsolationBarrierDevelopmentProgram(Barrier

DevelopmentProgram)was organizedto developthe technologyneededto provide

an in-placedisposalcapabilityfor low-levelnuclearwaste for the

U.S. Departmentof Energyat the HanfordSite in south-centralWashington.

The goal of the BarrierDevelopmentProgramis to providedefensibleevidence

that final barrierdesign(s)will adequatelycontrolwater infiltration,plant

and animal intrusion,and wind and water erosionfor a minimumof 1,000yr; to

isolatewastes from the accessibleenvironment;and to use markersto warn

inadvertenthuman intruders. Evidencefor barrierperformancewill be

obtainedby conductinglaboratoryexperiments,field tests, computermodeling,

and other studiesthat establishconfidencein the barrier'sabilityto meet

its 1,000-yrdesign life. The performanceand stabilityof naturalbarrier

analogsthat have existedfor severalmillenniaand the reconstructionof

climatechangesduringthe past 10,000yr and beyond also will provideinsight

into boundingconditionsof possiblefuturechangesand increaseconfidencein

the barriersdesign.

Climatewill have a pervasiveinfluenceon barrierperformance. Soil

water movementwill be influencedby changesin precipitation,temperature,

and vegetation. Climaticallyinducedchangesin plant and animalcommunities

. will affectthe potentialfor bio-intrusion.Surfacestabilitymay be

impactedby changesin wind patterns,but also by changesin vegetativecover

that may result from climatechange. Currently,the potentialfutureclimate

variationand vegetationchange in the Pasco Basin for the millenniumis

largelyunknown. Consequently,the effectsof climaticvariabilityon barrier

performancehave not been evaluatedadequately. Effortsare under way to

iii
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improveprojectionof futureclimaticvariabilityand to measurethe

uncertaintyof those projections. Local climateprojectionsare model-derived

estimatesbased on currentclimate,past climate,and projectedfutureglobal

climaticcontrollingfactorsand boundingconditions.

The Basalt Waste IsolationProject (BWIP)had developedplans for

characterizinglong-termchangesin the Pasco Basin climate,some of which the

BarrierDevelopmentProgramproposedto use; however,with the closingof the

BWIP, the BarrierDevelopmentProgram'splans for obtainingmuch of its

climaticinformationfrom BWIP changedand this documentdetailsa research

approachto fill the gap. An early draft of this documentbenefittedfrom the

commentsof a peer reviewpanel made up of internationallyrecognizedexperts

in climatecharacterization,paleoclimatereconstruction,and global climate

modelingand prediction.

This documentdescribesthe BarrierDevelopmentProgram'snew multi-

disciplinaryapproachto climaticdata acquisitionto be taken to obtain

defensibleprojectionsof climateparametersbased on studiesof current

climate,past climate,and projectedfutureclimate. The overallobjectiveof

the Long-TermClimateChangeTask is to completethe following:

• Obtain defensibleprobabilisticprojectionsof the long-termclimate
°

variabilityin the HanfordSite and Pasco Basin region at many

differenttime scales into the future

• Developseveraltest case climatescenariosthat bracketthe range

of potentialfutureclimate

iv
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• Use the climatescenariosboth to test and to model protective

barrierperformance.

Obtainingdefensibleclimaticinformationwill aid in satisfying

(I) designand regulationrequirements,(2) barrierperformanceassessment

requirements,and (3) hydrologicand other barriertask inputneeds. The

strategybeing appliedto accomplishthis is a seriesof proposedtask studies

to be accomplishedduring a 5-yr researchprogram. The proposedprogramis

brokeninto 13 tasks,titled as follows:

I. Identificationof ClimaticData and SensitivityRequirements

2. Synthesisof ExistingInformation

3. Pollenand Lake SedimentStudies

4. FluvialSedimentand GroundwaterStudies

5. TerrestrialSedimentStudies

6. Past Climate/VegetationVariations

7. FutureClimate/VegetationProjections

8. Local ClimateForecastModel

9. Model Calibrationand Validation

10. Projectionof FutureClimates

11. Generationof WeatherStatistics

12. Identificationof SpatialAnalogsof VegetationResponseto

" ProjectedClimates

. 13. Input ClimaticData to BarrierPerformanceAssessment.

The work performedunderthis test plan will be a collaborativeeffort by

scientists and engineers from Westinghouse Hanford Company and Pacific

V
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NorthwestLaboratory. Total estimatedcost for the programis $608,000for

WestinghouseHanfordCompanyand $1.3 millionfor PacificNorthwest

Laboratory,for a total of $1.9 million. A task-by-taskscheduleis not

providedbut can be inferredfrom the yearly cost projections. Milestonesare

brieflydescribedbut not scheduled. A modularapproachhas been specifically

designedto providean overallresearchstrategythat is flexibleso it can be

scaledto accommodatefuturefundinguncertaintiesor to be used for other

applicationsthat might have need for climateinformation.
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LONG-TERMCLIMATECHANGEASSESSMENTSTUDYPLANFORTHE HANFORDSITE
PERMANENTISOLATIONBARRIERDEVELOPMENTPROGRAM

I.0 INTRODUCTION

The HanfordSite PermanentIsolationBarrierDevelopmentProgram(Barrier
" DevelopmentProgram)was organizedto developthe technologyneededto provide

an in-placedisposalcapabilityfor the HanfordSite (Adamsand Wing Ig86;
Wing and Gee 1990). The goal of the BarrierDevelopmentProgramis to provide
defensibleevidencethat final barrierdesign(s)will adequatelycontrolwater
infiltration;plant and animalintrusion;and wind and water erosionfor a
minimumof 1,000yr and isolatewastes from the accessibleenvironmentand
warm inadvertenthuman intrudersusing markers. Evidencefor barrier
performancewill be obtainedby conductinglaboratoryexperiments,field
tests,computermodeling,and other studiesthat establishconfidencein the
barrier'sabilityto meet its 1,000-yrdesign life. The performanceand
stabilityof naturalbarrieranalogsthat have existedfor millenniaand the
reconstructionof climatechangesover the past 10,000yr to 125,000yr also
provideinsightinto bo,,ndingconditionsof possiblefuturechangesand
increaseconfidencein the barriersdesign.

The BarrierDevelopmentProgramsystemuses engineeredlayersof natural
materialto create an integratedstructurewith redundantprotectivefeatures.
The naturalconstructionmaterials(e.g.,fine soil, sand, gravel,riprap,
clay, asphalt)have been selectedto optimizebarrierperformanceand
longevity. The objectiveof the currentdesignsis to use naturalmaterials
to developa maintenance-freepermanentisolationbarrierand warningmarker
systemthat isolatesthe wastes for hundredsto thousandsof years by limiting
water drainageto near-zeroamounts;reducingthe likelihoodof plant,animal
and human intrusion;controllingthe exhalationof noxiousgases;and
minimizingerosion-relatedproblems. Once developed,it is anticipatedthat
the permanentisolationbarriercould be used at arid to semiaridsites other
than the HanfordSite.

This documentdescribesthe long-termclimatechange studiesplannedto
supportthe BarrierDevelopmentProgram. The plan outlinesa multiyearand
multidisciplineapproachto assesslong-termclimatechange issuesand to help
optimizethe design of the permanentisolationbarriers. A multidisciplinary
approachto climaticdata acquisitionwill be responsiblefor obtainingneeded
informationfor concurrentbarriertasks and for developinga local climate
forecastmodel. This modelwill couple past climatepatternswith models of

" regionaland global climatedriversto provideboundingconditionsfor barrier
performanceassessmentanalyses.

• The work performedunder this test plan for the U.S. Departmentof Energy
(DOE)will be a collaborativeeffortby scientistsand engineersfrom
WestinghouseHanfordCompany(WestinghouseHanford)and PacificNorthwest
Laboratory(PNL). The plan providesan overallresearchstrategythat has
been designedto be modularto be scaledto accommodatefuture funding
uncertaintiesor to be used for other applicationsthat might need climate
information,such as the GroutedDouble-ShellTank Waste Disposalat the
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HanfordSite or the implementationof DOE, RichlandOperationsOffice (RL)
Order 5820.2A,which specifiesthat climatechangesshouldbe consideredin
Site-specificradiologicalperformanceassessment.

1.1 BACKGROUND

1.1.1 The Hanford Site

At the DOE's Hanford Site in south-central Washington, efforts are under
way to remediate radioactive and hazardous chemical waste sites that have
accumulated from defense-related activities. The Hanford Waste Management
Plan (DOE-RL1987) and the Final Environmental Impact Statement, Disposal of
Hanford Defense High-Level, Transuranic, and Tank Wastes, Hanford Site,
Richland, Washington (DOE1987) present several options for final disposal of
the Hanford Site's radioactive defense wastes. Implementation of these
alternatives could include the construction of a permanent isolation barrier
and warning marker system over waste that may be disposed of near surface.
The barriers would be designed to protect the accessible environment for a
minimumof 1,000yr by limitingthe transportof contaminantsfrom the wastes
causedby the followingcircumstances:

• Animal and plant intrusion
• Wind and water erosion/deposition
• Water infiltration/percolation
• Inadvertenthuman intrusion.

Becauseof the time desiredfor waste isolation,long-termchangesin the
local climatewill have a pervasiveinfluence. Therefore,beforethe
formulationof final design criteriaand the engineeringof permanent
isolationbarriersfor waste sites,projectionsof climaticvariabilitywill
be requiredfor the HanfordSite and surroundingregions. The reconstruction
of climatechangesover the past 10,000yr to 125,000yr will provideinsight
into boundingconditionsof possiblefuturechangesand increaseconfidencein
the barrierdesign. The lessonsbeing learnedduring this study also may be
usefulfor other studiesneedingclimatechange information.

1.1.Z GlobalClimateChange

Climatologistsuniversallyacceptthat globalclimateshave undergone
significantvariationin the past, and such naturalvariationsare expectedto
continueintothe future (Houghtonet al. 1990). For instance,accordingto
the Milankovitchtheory (Milankovitch1969),the Pleistoceneice ages were
causedprimarilyby changesin the seasonaldistributionof incomingradiation
associatedwith orbit variations. Duringthe last 700,000yr, and possibly
for as long as 2,000,000yr, the Earthhas experienceda numberof glacial
cycles,each about 10 yr long with a 10,O00-yr-longinterglacial(Hayset
al. 1976; Kukla 1981; Bergeret al. 1984). The last interglacial/glacial
cycle startedwith a 10,O00-yr-longinterglacialcycle about 125 ka, which was
immediatelyfollowedby a rapid growthof global ice sheetsbeginning115 ka.
Glacialclimatedominatedthe Earth until about 12 ka when continentalice

2
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retreatedfrom its most southernextent intowhat is now the state of
Washington. No vegetationescapedthe repeatedstressof these climatesand
interglacialadjustments,and the PascoBasin of south-centralWashingtonis
no exception. With each glacialcycle,the speciesdisplacedby climate,ice,
water, and competitionrespondedthroughgrowthform, migration,or selection,
or faced local extinction. Based on the geophysicalevidenceof the past,
there is a strongsuggestionthat the earth is cyclinginto the next glacial
period (Imbrieand Imbrie1980; Berger 1981; Bergeret al. 1984). Important

. questionsincludewhen and to what magnitudenaturalclimatechangewill occur
and which other confoundingeffectscan be expected.

Althoughthere are large uncertaintiesin the knowledgeof climate,many
climatologistsnow believethat futurenaturalclimateswill differ
significantlyfrom those of today (Houghtonet al. 1990; Bergeret al. 1984).
However,human activityapparentlyis rivalingnature'sabilityto produce
climaticchange as judgedby the potentialimpactof increasingcarbondioxide
and other trace gases in lhe atmosphere(Hansenet al. 1981;Schneider1989).
The cycle into the next i_ _= may be confoundedby the steadycontribution
to the atmosphericburdenc carbondioxideand other trace gases, produced
largelythroughfossilfu,: use and possiblythroughdeforestation.There is
a growingworld concernthat this "greenhouseeffect"will lead to
unprecedentedglobalwarming in as littleas 50 yr. The potentialgreenhouse
effect,which is possiblythe most importantconsiderationfor the next
1,000 yr, as well as the next glacialperiod,suggeststhat the Pasco Basin
could have climateextremesthat may affectthe performanceof the permanent
isolationbarrier. Identificationof those potentialextremesis important
for the proper barrierdesignto provideassurancethat the barrierswill
functionfor their designlife, withoutmaintenance.

1.1.3 EngineeredBarriers

WestinghouseHanfordand PNL are jointlydevelopingengineeredbarriers
for hazardouswaste site remediation(Adamsand Wing 1986). The Barrier
DevelopmentProgramhas a researchteam consistingof expertsin soil physics,
hydrology,geologyand erosion,zoology,botanyand range management,plant
physiology,quaternaryclimates,computermodeling,civil engineering,and
projectmanagement. Variousbarrierdesignshave been evaluatedwith
simulationmodels and naturalanalogs,and are being or will be demonstrated
in the field. The preliminaryresultsfrom these and other studiessuggest
that barriersdesignedof layeredearthenmaterialsmay be effectivein
limitingwater infiltrationand intrusionby plants and burrowinganimalson a
thousands-of-yearstime scale. A definitivepermanentisolationbarrier

. design is plannedfor completionby the mid-1990's.

A drawingof a conceptualbarrierand warningmarker systemis shown in
. Figure I. The barrierand warningmarker systemconsistsof a varietyof

differentmaterials(finesoils,sands,gravels,asphalts,and geosynthetics)
placed in layersto form an abovegrademound directlyabove the waste zone.
Throughoutthe multilayerbarrier,subsurfacemarkersmay be placedto warn
any inadvertenthuman intrudersof the dangerof the wastes below. In
addition,surfacemarkerswould be placedaroundthe peripheryof the waste
sites to informfuturegenerationsof the natureand hazardsof the buried
wastes.

3
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Figure 1. A Conceptual Permanent Isolation Barrier
and Warning Marker System.
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A criticaldesign featureof barriersis the layeringsequence.
A conceptualdesign is shown in FigureI. The protectivebarrierdesign
consistsof a fine-soillayer overlyingother layersof coarsermaterialssuch
as sands,gravels,or basaltriprap. Eachof these layersservesa distinct
purpose. The fine-soillayer acts as a mediumfor moisturestorageuntil the
processesof evaporationand transpirationcan recycleany excesswater back
to the atmosphere. The fine-soillayer also providesthe medium for
establishingplants necessaryfor transpiration•The coarsermaterialsplaced
directlybelow the fine-soillayer createa capillarybreak that inhibitsthe
downwardpercolationof water throughthe barrier(Richards1950). This
functionsbecausein an unsaturatedsystem,the capillarypressuresare much
less than atmosphericpressure. For significantquantitiesof water to flow
into and throughthe coarsersublayers,the water pressuremust be raisedto
nearlyequal atmosphericpressure. The overlyingfine-texturedsoilsmust
becomenearly saturatedfor the water pressureto approachatmosphericand
allow water to flow into the sublayers. This resistanceto drainageexplains
the large storagecapacityof the overlyingfine-texturedsoil. Keepingthe
water in the fine-texturedlayer providestime for the processesof
evaporationand transpirationto remove it.

The resultsof preliminarycomputersimulationmodel runs suggestusing a
4.92-ft(I.5-m)layer of suitablefine soils in the designof the barrier
(Fayer1987). Also, the capillarybarrierconcepthas been testedfor several
years at the Field LysimeterTest Facility(FLTF). Resultsfrom these tests
indicatethat the capillarybarrierfunctionsas designed(Campbelland
Gee 1990). During a 3-yr test period,water losses in the lysimetersby
evaporationand transpirationhave exceededwater gains by precipitationand
irrigationfor conditionsrepresentativeof two times the annual average
precipitation. (Soilwater storagedecreasedin the lysimetersduring the
3-yr test period and no drainageoccurred.) Annualwater losses by
evapotranspirationcreatea soil storagecapacityadequateto accommodate
estimated1,000-yrstorm events at the HanfordSite [1.11 in. (2.82cm) of
water in 60 min]. In two of the drainagelysimetersat the FLTF, enoughwater
was added to force water to break throughthe capillarybarrier. As expected,
it was determinedthat water does not pass throughthe capillarybarrierin
the liquidphase until the soil approachessaturationand pore pressure
becomespositive. Once breached,the capillarybarriersin the lysimeters
drainedonly slowlyuntil they reacheda stablewater contentalmosttwice as
high as that normallyheld by that soil againstgravity.

The coarsermaterialsbelow the fine soil also act as deterrentsfor
burrowinganimalsand deep-rootingplants. Low-permeabilitylayers,placedin
the barrierprofilebelow the capillarybreak,are now being consideredfor
use in the protectivebarriers. The low-permeabilitylayerswould be used
(1) to divert any percolatingwater that gets throughthe capillarybreak away
from the waste zone, and (2) to limit the upwardmovementof noxiousgases
from the waste zone. Solutiongroutsalso are being evaluatedfor use as a
constructionaid and to provideadditionalstructuralstabilityto the
barrier•

5
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1.1.4 B_rrierDevelopmentProgram

The BarrierDevelopmentProgram(Adamsand Wing 1986) outlinesseveral
studiesthat addressspecificissuesrelatedto the design and long-term
behaviorof barriers. Twelvegroupsof tasks have been identifiedto resolve
the technicalconcernsand completethe developmentof barriersand markers.
These groups are as follows:

• Projectmanagement
• Biointrusioncontroldevelopment
• Water infiltrationcontroldevelopment
• Erosion/depositioncontroldevelopment
• Physicalstabilitytesting
• Human interferencecontrol
• Barrierconstructionmaterialsprocurement
• Prototypebarrierdesignsand testing
• Model developmentand validation
• Naturalanalogsstudies
• Long-termclimatechange effects
• Final design.

This processof designingand testingbarriersrequiresan understanding
of the interactionamong design componentsand environmentaland climatic
factors.

Water movementwithin layeredsoil systemsconnectscloselyto changesin
surfacesoils,precipitation,temperature,and the water extraction
characteristicsof plants. Changesin climatealso may alter the structureof
plant and animalcommunitiesinhabitingthe area and, thus, the potentialfor
biointrusion. Biointrusionstudiesmay need to accountfor the influenceof
climateon plant-rootingdepths and the regionaldistributionand behaviorof
burrowinganimals. The stabilityof the barriersurfacemay be influencedby
changesin the plant cover,burrowinganimalbehavior,precipitation,
temperature,and wind regimes.

1.1.5 InitialObjectives

In the ProtectiveBarrierand WarningMarkerSystemDevelopmentPlan,
Adams and Wing (1986)describethe objectiveof the long-termclimatechange
assessmenttasks as follows.

At present,the possible10,O00-yrvariationin the climateand
ecologyof the Pasco Basin are largelyunknown. The objectof this
task is to obtain probabilisticprojectionsof long-termvariability
in the Pasco Basin climatethat can be input to analysesof water
balance,biointrusion,and erosionof barriers. .

6
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Adams and Wing (1986)also describeobjectivesfor the activity,
includingthe following:

• The evaluationof climateinformationalneeds (CLIM-I)by usingthe
followingoperations:

- Identifyspecificparametersof long-termclimatethat will be
requiredfor water infiltration,erosion,and biointrusion

. analyses

- Evaluatethe adequacyof existinginformation

- CoordinateBarrierDevelopmentPrograminvolvementin a climate
characterizationprojectfundedby the BasaltWaste Isolation
Project(BWIP).

• The predictionof local climateand vegetationalchanges(CLIM-2)
incorporatingthe followingactions:

- Employdifferenttypes of modelsto predictvariabilityin the
climateand vegetationof the Pasco Basin duringthe next
I0,000yr

- Use statisticalmodels (calledtransferfunctions)to
reconstructpast climatefrom geologicand paleobiotic
indicators,such as glacierfluctuations,fossil pollen
records,and tree rings

- Using the geologicand paleobioticinformation,calibratea
local climateforecastmodel

- Model the relationshipsbetweenlocal climatevariablesand
regionalcontrollingfactors(suchas atmosphericoceanic
circulationpatterns)and inputthe informationto the local
climateforecasts

- Estimatefuturevariabilityin the vegetationand wind regime
of the Pasco Basin in additionto variabilityin precipitation
and temperature;this informationwill be input to water
infiltration,biointrusion,and erosioncontroltasks.

1.1.6 Historyof the Long-TermClimateChange EffectTask

In the early stagesof the BarrierDevelopmentProgram,the BWIPwas in
the processof developingstudy plans for characterizinglong-termclimate

• variabilityin the HanfordSite region in supportof high-levelwaste
disposal. Of particularconcernto BWIPwas the potentialeffectof climate
on the isolationof waste in a geologicrepository. The BWIP'smultimillion-
dollarwork requirementswere developedin consultationwith a panel of
recognizedleadersin climatemodelingand paleoclimateresearch.

To avoid duplication,PNL and WestinghouseHanfordconveneda Barrier
DevelopmentProgramworkshopin January1987to define key issuesregarding

7
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the impactsof climaticvariabilityon the performanceof layeredsoil and
rock barriersproposedfor possibleuse at the HanfordSite (Waughand
Foley 1988). Workshopparticipantsconcludedthat the sensitivityof
vegetationand evapotranspirationto potentialfutureclimaticchangeswas a
key issue that must be understoodbetterbeforeclimaticchange impactson
drainagethroughthe barrierand groundwaterrechargecould be adequately
modeled. Based on the workshopfindings,Waugh and Foley (1988)proposed
severaltechnicaltasks to obtainneeded information.The BWIP climate
programwas to be the sourceof much of the climaticinformationneededby the
BarrierDevelopmentProgram. By tying into BWIP, the BarrierDevelopment
Programwould be able to acquireneededclimaticallyrelatedinformation
withoutincurringthe significantcosts associatedwith generatingthe data
for BWIP. The BarrierDevelopmentProgramwould providefundingfor and
performany additionalclimaticwork thatwas neededbut not conductedby
BWIP.

A decisionwas made late in 1987to discontinueinvestigatingthe Hanford
Site as a possiblelocationfor a commercialnuclearwaste repositoryfor
high-levelwaste. So BWIP was closedout and the BarrierDevelopmentProgram
was forcedto reevaluateits strategyfor obtainingneededclimate
information. The currentproposalis presentedin this document.

1.2 DEVELOPMENTOF A RESEARCHSTRATEGY

Figure2 shows the long-termclimatechangeassessmentneeds, tasks,and
objectives. Before initiatinga new climatetask, key climateparameters
needed by variousother BarrierDevelopmentProgramtasks must be identified.
Once identified,the key climateparametersmust be priorityrated so that an
orderlyand cost-effectiveapproachcan be taken to obtainthe neededclimate
data. In addition,identificationmust be made of the regulatoryrequirements
and performancestandards(as they currentlyexist or as they evolve)that
pertainto the effectsof climatechangeon the disposalof wastes at the
HanfordSite.

At a minimum,the abilityto predictand defend the performanceof
barriersover the next 1,000yr dependson the followingtwo conditions:

° An understandingof presentenvironmentalconditionsthat could
compromiselong-termbarrierintegrityand performanceto facilitate
properbarrierdesign

• An abilityto predictclimatechangesand climate-inducedchangesin
environmentalprocessesthat might adverselyaffectthe barrierin
the future,so that appropriatedesignconsiderationscan be
formulated,tested,and implemented.

To accomplishthe objectivesof the long-termclimatechange assessment
task, paleoclimaticstudiesand futureclimaticprojectionsmust be closely
linked. Local climaticprojectionswill be model-derivedestimatesbased on
currentclimate,past climate,and projectedglobal climaticcontrolling
factorsand boundingconditions.

8
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Figure2. Long-TermClimateChangeAssessmentTask.
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The climatestudy plans that were preparedfor BWIPwere reviewedfor
applicabilityto the BarrierDevelopmentProgram. In 1989, a draft versionof
the BarrierDevelopmentProgram'sclimatestudy plan was completed. In
contrastto the BWIP approach,this plan proposeda focused,stepwiseapproach
to data acquisitionwherebythe complexity(and cost)would increasewith
successivetasks. Decisionsto progresswere to be basedon assessmentsof
the expectedreturnsin improvedconfidencerelativeto the required
sensitivityand cost. The BarrierDevelopmentProgram'sapproachaccountsfor
potentialfuture impactof greenhousegases, somethingthe BWIP approachdid
not address. In August 1989, the draft was submittedto a peer reviewpanel
consistingof a number of expertsin paleoclimaticreconstructionand future
climateprojection. The reviewof the plan was undertakenat the draft stage
so that an early interchangeof ideas regardingthe documentcould assistin

• focusingthe proposedinvestigation.The panel concludedthat the program
could be focusedusefullyon severalcriticalissuesto eliminatesome
unnecessarypaleoclimatestudies,therebyreducingcosts and focusingthe
climatechange assessmentefforts. The panel noted that detectingextremes
that could make a differencein performanceof the barrierfor up to 10,000yr
shouldbe emphasized. These climaticextremesincludechangesin temperature,
precipitation,and vegetationrelatedto greenhousewarmingand the cyclingof
the climateinto the next ice age.

9
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The reviewpanelistswere Dr. Cathy Whitlock(Barnosky),Museum of
NaturalHistory,Pittsburgh,Pennsylvania(palynology);Dr. Brian Atwater,
U.G. GeologicalSurvey at the Universityof Washington,Seattle,Washington
(glaciationand other nonbioticstudies);Dr. David Rind, NationalAeronautics
and Space Administration's(NASA)GoddardInstitutefor Space Studies (GISS),
New York (climaticmodeling);and Dr. Roger Barry,CooperativeInstitutefor
Researchin EnvironmentalSciences (CIRES),Universityof Colorado,Boulder,
Colorado (generalclimatology).

1.3 OBOECTIVES

Figure 2 indicates the relationship between the various componentsof the
long-term climate change assessment task. The overall objective, as
illustratedin Figure2, is to providedefensibleclimatic informationthat
will aid in satisfyingregulations,barrierperformanceassessment
requirements,and hydrologicand other barriertask input needs. More
specificobjectivesincludethe following:

• To use the past climate,currentmeteorologicalconditions,and
modeledfutureglobal changesto projectlikelyclimaticvariability
in the Pasco Basin for the next 1,000yr

• To provideinformationthat pertainsto the effectsof climatic
changeon the disposalof wastesat the HanfordSite to the other
componentsof the ProtectiveBarrierDevelopmentProgramso that the
final designmeets regulatoryrequirementsand performancestandards

• To provideinformationthat will be used to test the long-term
performanceof the barrierto confirmits effectivenessin
minimizingdrainagethat could lead ultimatelyto movementof
radionuclidesto the accessibleenvironment.

The strategybeing selectedto accomplishthese generalobjectivesis a
seriesof studiesthat providefor an understandingof the range and
probabilityof recurrenceof past climatechange and for a projectionof
potentialclimateat the HanfordSite.

As mentionedin Section1.1.3,there is stronggeophysicalevidencefrom
earth historythat the Earth is cyclinginto the next glacialperiod
(Hays et al. 1976; Bergeret al. 1984). This cyclinginto the next ice age
may be influencedby globalwarmingby the steady increaseof anthropogenic
carbon dioxideand other trace gases. Thus, an ice age climateand greenhouse
warmingcan providett_ocontrastingextremeclimatescenarios• The technical
review panel suggestedthat the long-termclimatechange assessmenttask could
be usefullyfocusedon a seriesof discretesevereclimatescenariosthat
could providethe boundingconditionused to test the performanceof barriers.
Once selected,effortswould be made to characterizethe climaticnatureof
these extremesin the Hanfordregion.

Based partlyon the recommendationsof the technicalreviewpanel and
partly on the experienceof the authors,the followinghave been selectedas
potentialclimaticextremesthat could have impacton the barriersperformance
if such extremeswere to occur in the future: the last interglacial/glacial
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transition(deep sea oxygen isotopestage 5 to 2); the last glacialmaximum
(nominally18 ka); the early Holocene(g ka); and the middle to late Holocene
(6 ka and 3.5 ka). Many questionscan be posedto help structurethe research
strategyto addressthese other climaticextremes.

• What are the specificclimaticparametersthat need to be obtained
throughstudy (i.e.,annualprecipitation,daily temperaturerange)?

• If the needed climaticparametersare unobtainable,are thereways
• to approximatethem?

• How soon will the next ice age begin?

• How rapidwill the transitionbe?

• How rapidlydid the last interglacial/glacialtransitionoccur
(nominally115 ka)?

• What is the natureof a glacialclimateat the HanfordSite?

• Could a glacialclimateimpactthe effectivenessand performanceof
a permanentisolationbarrier?

• What is the natureof a warmergreenhouseclimateat the Hanford
Site?

• Could a warmergreenhouseclimateimpactthe effectivenessand
performanceof a permanentisolationbarrier?

• Based on paleoclimatestudies,are there other periodsof potential
climaticextremesthat shouldbe considered?

• What is the natureof these other climateextremesat the Hanford
Site?

• Could these other climateextremesimpactthe effectivenessand
performanceof a permanentisolationbarrier?

1.4 SCOPE

The currentapproachfor accomplishingthe objectivesand obtaining
neededclimaticinformationfor the BarrierDevelopmentProgramis presented

. in this study plan. The work describedin this plan is consistentwith the
ProtectiveBarrierand WarningMarker SystemDevelopmentPlan (Adamsand
Wing 1986),which was preparedas a guide for resolvingthe technicalissues

• associatedwith protectivebarrierand warningmarkersystems.

This documentwill describethe climaticallyrelatedactivitiesto be
undertakento supportdevelopmentand performanceassessmentof barrier
designs. This documentprovidesa preliminaryestimateof climateinformation
needs and describesa seriesof tasks designedto obtaininformationabout the
range of past climaticvariationand effortsto predictpotentialclimate
conditions. Task interactions,schedules,and preliminarycost estimatesalso
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are provided• Becausethis is a multiyearplan, initialtasks are described
more comprehensivelythan later tasks• When individualtasks are undertaken,
they probablyalso will be guidedby approvedtechnicalwork plans that will
be more comprehensivethan this study•

2•0 TASKS

Although the design life of the permanent isolation barrier is a minimum
of a 1,000 yr, futureclimateprojectionswill be assessedto 10,000yr. This
additionalmargin is being added so that the confidencein the 1,000-yr
projectionscan be improved. Based on the recommendationsof the independent,
third-partytechnicalreview panel,a simplifiedfigurewas developed
depictingvarioustasks and key decisionpointsto be addressedin the revised
climatestudy plan (Figure3). In the proposedclimaticassessmentof the
barriers,a stepwiseapproachto data acquisitionwill be undertaken• The
flow of informationamong tasks is illustratedin Figure3 and outlinedas
follows.

• Tasks:

- Identificationof ClimaticData and SensitivityRequirements
- Synthesisof ExistingInformation•

• Decisionpoint I: Does ExistingInformationSatisfyData Needs?

- Pollen and Lake SedimentStudies
- FluvialSedimentand GroundwaterStudies
- TerrestrialSedimentStudies
- Past Climate/VegetationVariation
- FutureClimate/VegetationProjections.

• Decisionpoint 2: Do ReconstructionsBound Long-TermAstronomical
Forcingand ProjectedGreenhouseEffects?

- Local ClimateForecastModel
- Model Calibrationand Validation
- Projectionsof FutureClimates.

• Decisionpoint 3" Do ProjectionsSatisfyClimate/VegetationData
Needs?

- Generationof WeatherStatistics
- SpatialAnalogsof VegetationResponse
- Input ClimaticData to BarrierPerformanceAssessment.

The first box in Figure3 indicatesthe identificationof climatedata
needs. The next activityin the sequenceshown in Figure3 is the synthesis
of existinginformation. This task is comprehensive,coveringthe evolving
fieldof global climatemodeling. Additionally,the relationshipbetween
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Figure3. DecisionMatrix for BarrierDevelopmentProgram
Long-TermClimateChangeAssessmentTasks•
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local climatevariablesand regionalclimaticcontrollingfactors,such as
atmosphericand oceaniccirculationpatterns,must be understood.

The task of synthesizinginformationalso will focus on gathering
informationon selectedpaleoclimaticextremesexperiencedin the Pacific
Northwestand the world as a whole. Such informationis availab'lefrom
studiesof fossilpollenand stable isotoperatiosfrom lake and ocean
sedimentcores;fossilizedlimbicorganismswith narrow tolerancesfor H,
temperature,and solutes;isotopic,mineralogic,and sedimentological
indicatorsof lake-levelor climaticfluctuation;glacialand eolian
depositionalhistories;and dendroclimaticreconstructionsusing tree rings.
Becausesome BarrierDevelopmentProgramstudieswill need informationon
specificparameters(i.e.,the magnitudeand frequencyof extremerainfall
events or the seasonalityof precipitation),an attemptwill be made to
identifythe range of such parametershistoricallyand for selected
prehistoricperiodsof climaticextremes,and projectionof these also will be
provided.

New field studiesto be undertakenincludepaleoclimatereconstruction
based on interpretationsof paleobioticand geologicrecords. Becauseof the
paucityand incompletenessof variouskinds of evidence,a range of different
types of data and analyticaltools will be investigatedto characterizebest
the selectedtimes of extremeclimaticconditions. These studiesare grouped
intothree types" Pollenand Lake SedimentsStudies,FluvialSedimentand
GroundwaterStudies,and TerrestrialSedimentStudies. Reconstructionsof
past climate in the HanfordSite regionwill be based primarilyon
interpretationsof variabilityin the compositionof fossilpollen from lake
sedimentcores. Additionalindex climatedata are plannedto be used to help
characterizeextremeclimaticconditionsand events such as past aridity
throughthe study of past sand dune activityand the evidencefor paleofloods.
These studieswill aid in the developmentof boundingconditionsfor the local
climateforecasts.

The problemof forecastingfutureclimaticvariationsis challenging.
Modelingprojectionsof futureclimateat the HanfordSite regionwill be
accomplishedby developinga local climatemodel. Initialboundingconditions
for the local climatemodel will be obtainedfrom generalcirculationmodels
to be reviewedduring the synthesisof informationtask. In turn, the local
climatemodel will need to be calibratedand verifiedagainstpresentclimatic
conditionsand reconstructionsof past local climate. The abilityof the
local climatemodel to reproducepast climaticconditionswill give some
measureof the model'ssensitivityto changingboundingconditions. After
calibrationand validation,the futurevariabilityin the precipitationand
temperature(andthe potentialvegetation)and wind regimeof the HanfordSite
regionwill be estimated. If additionaldata needs remain,the generationof
weatherstatisticsand developmentof spatialanalogsof vegetationresponse
will be undertaken.

The objectiveof climatestudiesis to obtaindefensibleprojectionsof
climateparametersthat satisfythe climate-inputdata needs of various
BarrierDevelopmentProgramtasks (manipulativeexperiments,barrieranalog
studies,modelingstudies)that in turn will used in the performance
assessmentof the barriersas shown by the last box in Figure3.

14
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2.1 tASK 1: IDENTIFICATIONOF CLIMATICDATA
AND SENSITIVITYREQUIREMENTS

The ProtectiveBarrierand WarningMarkerSystemDevelopmentPlan (Adams
and Wing 1986) outlinesseveralstudiesthat addressspecificissuesrelated
to the design and long-termbehaviorof permanu,tisolationbarriers
(Section1.1.4). Includedin the plan are studiesof hydrologicperformance,
erosioncontrol,bio;ntrusioncontrol,constructionmaterialrequirements,
physicalstability,human intrusioncontrol,and climaticchangeeffects.

• Predictionsof futurechangesin local climatewill be requiredby almostall
of the studies. Tests of snil water movementand storagein the barrierwill
be sensitiveto changesin precipitation,temperature,plant cover and type,
and the water extractioncharacteristicsof plants. Biointrusionstudiesmay
need to accountfor _he influenceof climaticchangeon plant type and rooting
depths and the regionald_stributionand behaviorof burrowinganimals.
Changesin plant cover,burrowinganimalbehavior,precipitation,temperature,
and the wind regime may influencethe stabilityof the barriersurface.

2.1.1 Purpose

Task I is an essentialfirst step in assessingthe effectsof climatic
changeon the long-termperformanceof permanentisolationbarriers. The
objectivesof this task are the following"

• To identifyspecificclimaticparametersthatwill be requiredby
the variousstudiesof long-termbarrierperformance

• To identifythe temporalresolutionand precisionrequiredfor each
climaticparameter

• To conductclimaticsensitivityanalysesto assessthe relative
i:nportanceof climaticparameters

• To d_veiopa task hierarchy,task priorityranking,and task
sequencefor the timelyacquisitionof neededclimaticdata.

The followingsectionsare a preliminarysurveyof the climatic
parametersrequiredby the variousbarrierdevelopmentstudies. Table I is a
summaryof the findingsof the survey. The requirementslikelywill be
modifiedin the futureas work on the variousstudiesprogressesand the
resultsof climaticsensitivityanalysesbecomeavailable. Currentlydata
needs cannot be organizedintotask sequences,hierarchies,or priority

. rankings. This will requireadditionalinput from projectmanagers.

. 2.1.2 Requirementsfor AssessingHydrologicPerformance

Precipitationinfiltratingthe soil overlyingburiedwaste, not extracted
by evapotranspiration,will be availableto move towardthe waste zone. The
interfaceof the fine-texturedtopsoillayer and the underlyingcoarsesand
and gravel layerswill act as a barrierto downwardflow, as long as water
storageat the interfacedoes not approachsaturation. If saturationoccurs
(i.e.,if the storagecapacityof the topsoilis exceeded),water could drain
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Table I. Summaryof EnvironmentalParametersNeededby BarrierDevelopment
Studiesto Assess Long-TermPerformance. (sheetI of 2)

Issuesand studies Parameters

Issue: HydrologicPerformance

Io Field LysimeterTest Facility Precipitation:Annualmean, monthly
means, storm frequency,storm
intensity

Vegetation: Speciescomposition,
abundance,and phenology

2. Soil Water BalanceModeling Input parameters: Hourly,daily, or
monthlyprecipitation,surfacesoil
temperature,atmosphericrelative
humidity;mean annualsolar radiation

3. EvapotranspirationModeling Parameterscontrollingstomatal
conductance: Light intensity,light
quality,carbon dioxide
concentrations,precipitation,
temperature,atmosphericrelative
humidity,wind speed

Plant communities: Species
composition,relativeabundance,leaf
area, biomass

4. AlternativeBarrierTests Precipitation:Annualmean, monthly
means, storm frequency,storm
intensity

Vegetation: Speciescompositionand
abundance

Issue: Erosion,Deposition,and
StructuralStability

1. Wind Erosionand Deposition Wind: Annual or monthlymean
Tests velocityand direction;velocity,

frequency,and durationof peak gust
events

Other: Annual and monthlymean
precipitation;monthlymeans and
ranges of temperature;plant cover as
a soil stabilityfactor
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Table 1. Summaryof EnvironmentalParametersNeeded by BarrierDevelopment
Studiesto Assess Long-TermPerformance. (sheet2 of 2)

Issuesand Studies Parameters

2. Water Erosionand Sideslope Precipitation:Rainfallamount;
Stability durationand return frequencyof

high-intensitystorms

• Vegetation: Plant cover
characteristicsinfluencingsoil
stability

3. Gravel Mulch Effectson Precipitation:Annual and monthly
HydrologicPerformance means,storm frequency,storm

intensity

Vegetation: Speciescompositionand
abundance

Issue" BiologicalIntrusion

I. BiointrusionControlTests Vegetation: Speciescomposition,
abundance,spatialdistribution

Precipitation:Annual and monthly
means, snow accumulation,drought
frequencyand duration,atmospheric
relativehumidity

Temperature: Seasonality,diurnal
fluctuation,frequencyand duration
of extremewarm and cold periods

Other: Wind speed,carbon dioxide
concentrations,atmospheric
pollutants
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throughthe gravel layer and into the underlyingwaste zone. Calculationsin
the HanfordDefenseWaste-EnvironmentalImpactStatement(HDW-EIS)(DOE 1987)
indicatethat a minimumof 0.04 in./yr (0.1 cm/yr)drainagethroughthe waste
zone potentiallycould carry radionuclidesto the groundwater. Based on these
calculations,stringenthydrologicperformancestandardswith respectto water
movementinto the waste zone (e.g.,near-zerodrainagefrom the barrierfor
extendedperiodsof time) will be imposedon the barrierdesign.

Four studiesof hydrologicperformancewill requireclimaticdata:
(I) field lysimetertests of the HDW-EISbarrier,(2) unsaturatedwater flow
model development,(3) plant transpirationmodeling,and (4) lysimetertests
of alternatebarrierdesigns.

2.1.2.1 Field LysimeterTest Facility. The FLTFwas constructedat the
HanfordSite in 1987to measurewater balancein variousbarrier
configurations(Gee et al. 1989). The facilitycontains14 drainage
lysimetersand 4 weighinglysimeters(Figure4). The drainagelysimeters
consistof closed-bottomsteel tanks buried in the soil at grade. They
containbarrierdesignswith a fixed volume [6.56ft in diameterby 9.84 ft
deep (2 m in diameterby 3 m deep)] in which water storageis measuredwith
neutronand gamma attenuationprobes. Drainagewater is collectedfrom a
drain port at the bottomof the lysimeter. The weighinglysimetersisolatea
soil volume [4.92 ft by 4.92 ft by 4.92 ft (1.5m by 1.5 m by 1.5 m)] resting
on a platformscale so that a continualrecordof weight changescan be
generated,which, when supplementedwith physicalmeasurements,can be used to
estimateprecipitation,evapotranspiration,and storagechanges. The weighing
lysimetersalso are equippedwith bottomports for directcollectionof
drainage.

The inputsand outputsof the lysimeterwater storage (S) are the water
added to the barrier[rain or snow (P)] and the water extractedat the barrier
surface[evapotranspiration(ET)],respectively. When ET exceedsP,
S decreases. Conversely,when P exceedsET, S increases,which can lead to
drainage(D) at the bottomof the lysimeter. Physicalsoil characteristics,
such as particle size, abruptnessof layer boundaries,and soil development
(long-termnaturalchanges),determinethe amountof water that can be stored
in the soil before D occurs.

The treatmentstructureof the FLTF was selected(I) to demonstratethe
effectivenessof a layeredsoil and gravel barrierwith abruptpore-size
discontinuities(texturalbreaks)in limitingunsaturatedflow, (2) to
demonstratethe water balanceresponseof a layeredbarrierto a wetter
climate,and (3) to demonstratethe sensitivityof water balanceto changesin
vegetation. Lysimeterswith bare soil and otherstransplantedwith native
speciesare comparedto examinethe influenceof vegetationon water balance.
Simulationof a wetter climateat the FLTF is limitedto the additionof water

• (greaterprecipitation). Currently,water is added to selectedlysimeters .
biweeklyto bring the total receivedduring the month up to double the average
monthlyprecipitation. In addition,two lysimetersreceivedeven greater
amountsof precipitation[0.79 in./week(2 cm/week)]until a breakthrough
occurredand water drainedto the bottomof the lysimeter.
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Climaticchangedata are neededto reduce uncertaintiesassociatedwith
the precipitationand vegetationtreatmentsat the FLTF and, if appropriate,
to refinethese treatments. Aspectsof the precipitationtreatmentthat could
be modifiedincludethe averageannualamount,the seasonaldistribution
(monthlyamount),and the applicationfrequency(daily,twice weekly,
biweekly,monthly,etc.). Also, a betterunderstandingof the potential
responseof the plant communityto climaticchange is neededto evaluateFLTF
vegetationresemblanceto expectedchangesin plant speciescomposition,
abundance,and water extractionbehavior°

w

Althoughclimaticchange estimateswill h61p to quantifyuncertaintyin
FLTF treatmentsand to improvetreatments,other constraintsremain.
Currently,precipitationis the only climaticparameterthat can be
manipulatedat the FLTF. However,increasedprecipitationis only one of
severalattributesof a wetterclimate. Cloud cover,for example,plays an
importantrole in energyexchangeat the Earth'ssurface. Clouds absorband
reflectsolar radiation,reducingthe amountreceivedand, consequently,the
evaporativedemand at the surface• Conversely,clouds reradiatei_frared
radiationemittedfrom the earth'ssurfacethat otherwisewould escapethrough
the atmosphereinto space• Also, in wetter climates,more energy is removed
from or added to the surfaceenvironmentas latentheat of evaporationand
condensation,respectively. The overallresult is a moderationof temperature
extremesboth diurnallyand seasonally•

Other constraintsincludethe water applicationfrequency,application
rate, applicationlag time, and inclementweather. Ideally,the application
frequencyand rate would change seasonally,proportionalto meteorological
statistics. However,the intervalis dictatedby labor costs,and the rate is
constrainedby the output of the rainulator. The rate must be less than the
saturatedconductivityof the soil but fast enoughto completeeach sessionin
a reasonabletime. Water cannotbe appliedwhen the soil is frozenor snow
covered. Applicationsthat lag too far behindmay force a seasonally
artificialdelay in plant growth (and ET) responses,thus confounding
interpretationsof the influenceof a wetterclimateon barrierperformance•

2.1.2.2 UnsaturatedWater Flow Model. Becauseof the complexand dynamic
natureof the waste disposalenvironment,computersimulationmodels will
serve as the principaltools for predictinglong-termbarrierbehavior.
Models also are neededbecauseof the limitationsin physicallysimulating
climaticchangesin lysimeters(Section2.1.2.1)and the uncertaintiesand
impracticalityof attemptingto test multiplecombinationsof barrier
prototypesand climaticscenariosin lysimeters. Manipulativeexperiments
(lysimeters,field plots, etc.) inadequatelydepict long-termchangesin some
key parameters, lt may be possible,using computermodels,to simulate
efficientlythe interactionof many differentcombinationsof barrierdesigns
and environmentalscenarios. Limitationsin modelinginvolvethe acquisition
of adequateinputparameterdata and validationdata, and in particulara lack
of knowledgeregardingthe change (overtime and space) of inputparameters
describingthe climate,vegetation,and the physicalstructureof the barrier.

The computermodel developedto predictthe long-termhydrologic
performanceof barriers[UNSAT-H(Fayeret al. 1986)]is a one-dimensional
flow code. Th_ UNSAT-Hsimulatesthe dynamicprocessesof infiltration,
drainage,redistribution,surfaceevaporation,and uptakeof water from the
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soil by plants (Fayeret al. 1986). The mathematicalbasis for the model is
Darcy'sLaw as extendedby Richards (1931). The numericalimplementationof
UNSAT-His based on the UNSAT model of Gupta et al. (1978). The UNSAT-Huses
a fully implicit,finitedifferencemethod for solvingthe water transport
equation. Plant water uptake is introducedas a sink term at each of a
verticalstring of nodes in the barrierprofileand is calculatedas a
functionof root density,soilmoisturecontent,and potentialevapotrans-
piration. The barrierprofilecan be simulatedas either homogeneousor
layered. The boundaryconditionscan be controlledeither as a constanthead

• or as a flux to reflectactualconditions.

Input requirementsfor UNSAT-Hincludesoil hydraulicproperties,plant
" transpirationparameters,systemboundaryconditionsthat drive infiltration

and drainage,and simulationtime steps (Fayeret al. 1986). The output
parameterof greatestinterestis drainage(watermovementout of the cover
and into the waste zone). Other output parametersmay includewater content
distributionthroughoutthe barrierprofile,evaporation,and plant
transpiration,all of which are directlycoupledto drainage•

Water flow in UNSAT-His driven by meteorologicalinput parametersthat
are a functionof the climate. The surfacesoil boundaryduring a simulation
is describedeither as a precipitation/evapotranspirationflux or as a
constanthead (pondingor evaporation),dependingon whetherthe suctionhead
at the soil surfaceis above or below prescribedthresholds. Precipitationis
normallydescribedas an amountper hour, but also can be input as daily
precipitationif hourlyprecipitationis not available. Also, UNSAT-H
presentlydoes not considersnow cover. Precipitationin the form of snow is
treatedas an equivalentrainfall. The potentialwater loss from the soil
profilesby evaporationand plant transpiration[potentialevapotranspiration
(PET)]is calculatedwith the Penman Equation(Doorenbosand Pruitt 1977)
using either hourlyor dailymeteorologicalparameters,the _ean annualsolar
radiation,and a uniformnighttimePET loss.

Two suction-headthresholdsdeterminewhetherthe boundaryis in a
constanthead conditionor a flux condition. The maximumsuction-head
threshold,which switchesthe soil boundaryback and forth from a constant
head evaporationto a flux condition,and the minimumsuction-headthreshold,
which switchesthe soil boundaryfrom a flux to a constantinfiltrationhead
condition,are based,in part, on meteorologicalinputsof atmospheric
relativehumidity,soil temperatureat the O.5-in.(I.27-cm)depth, and
precipitationintensity.

Althoughthese meteorologicalinput parametersare known for the present
climate,they are not known for any futureclimate• If UNSAT-Hpredictions

• are to have any reliableconfidencelimits,meteorologicalsubsetswill be
requiredfor possiblefutureclimates, lt may be possibleto project
parameterssuch as mean monthlyprecipitation,mean monthly temperature,andi

coefficientsof variationfor solar radiation. However,weatherstatistics
generationmodels,such as WGEN (Richardsonand Wright 1984),will have to be
appliedto createmuch of the time series inputdata that will be requiredby
UNSAT-Hto simulatethe hydrologicperformanceof the barrierfor future
climates.
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As with other types of performanceassessmentmodels,the credibilityof
UNSAT-Hmust be establishedbefore it can be used confidentlyto predictthe
long-termbehaviorof barriers. The model must be validatedto measure
uncertaintyin its predictivepower. Simmonsand Cole (1985)indicatedthat,
"A validationshould be performedto test a code'sabilityto simulate
specificprocessesas observedin an actualsystemunder controlled
experimentalconditions." Model validationinvolvesa comparisonof one or
more model outputswith experimentaldata from the systembeing simulated.
The FLTF data will be used to validateUNSAT-H.

In lysimeters,model inputrequirements(i.e.,soil hydraulicproperties
and system boundaryconditions)and outputparameters(i.e.,soilwater
contentand drainage)can be measuredwith relativelyhigh-levelprecision.
The greatestuncertaintyin such a validationexerciseis the comparisonof
the lysimetertreatmentsto the water balanceconditionsof an actualwaste
disposalenvironment. Treatmentsin the FLTFmay inadequatelyrepresent
long-termchangesin climateand climaticallydrivenchangesin soil hydraulic
properties,plant species,and plant water extraction(evapotranspiration).
Studiesof naturalanalogsof soil developmentand plant successionwill
supplythe data for measuringthe adequacyof lysimetertreatments,and for
judgingthe sensitivityof models to long-termchangesin these parameters•

2.1.2.3 EvapotranspirationData Collectionand Modeling• A study is under
way to improvethe measurementand modelingof evapotranspiration(Linkand
Waugh 1989). The plan:-waterrelationcomponentof the UNSAT-Hcode,
currentlybased on 2 monthsof cheatgrassgrowth,limitsthe credibilityof
the model for predictinglong-termdrainage. The goal of the
evapotranspirationstudy is to developa plantmodel that simulatesroot and
shoot growththroughoutthe growingseason. For this model, growth and
resultingtranspirationwill depend on conditionsof the simulationrather
than being preordainedby the code user. Two variablesconstrainthe
developmentand use of a new plant transpirationmodel: (I) the key input
parametersand (2) vegetationchangesover time. Key parameterswill be
evaluatedby constructingmultidimensionalresponsesurfacesat points
throughoutthe growingseason. The response-surfacemodels will be the
productof controlledexperimentsthat employwhole-plantgas exchange
chambers• lt is hoped thatthe climaticchangestudieswill predictpossible
changesin vegetation.

Transpirationis a functionof the supplyof water to roots,plant liquid
water conductance,stomatalconductance,and leaf area. If a plant is able to
acquireadequatewater by root exploration,it will transpireat rates
controlledby liquidwater conductance,stomatalconductance,and leaf area.
As the supplyof water is reduced,transpirationwill be reduced. Abioticand
bioticparametersthat drive these componentsof transpirationwill be
measuredin the field. The most importantmeteorologicalparameters
controllingstomatalconductanceare light intensity,light quality,CO2
concentration,temperature,humidity,and wind speed. Some of these
parameterswill contributegreatlyto variationin transpirationwhile others
will contributelittle• The greatestcontributorswill becomeinput
parametersfor the UNSAT-Hupgrade.
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The transpirationmodel alsowill be dependenton the speciescomposition
of the barrierplant community• Plantsgrowingon waste sites probablywill
change significantly.The plant communitymay change in responseto climate,
or to disturbancessuch as fire and inadvertentcultivation. Changesin the
types and diversityof speciesmay be accompaniedby changesin rates of water
extraction. Even under the presentclimateconditionsand without
disturbances,the relativeabundanceof species,biomassproduction,and
transpirationrates will vary seasonallyand from year to year in responseto
variationsin precipitationand temperature.

lt may be difficultor impossibleto predictchangesin plantwater
extractionbecauseof the complexecologicalinteractionsthat controlplant
communitydevelopmentusing computersimulationmodels. One approachto
estimatingthe influencesof climaticchangeon evapotranspirationwould be to
predictpossiblefutureclimates,infer what types of plantcommunitieswould
be presentfor these climates(basedon paleo-ecologicaldata),locate
present-dayanalogsof these climate/vegetationstates,and measure
evapotranspirationat the analogsites.

Limitationsassociatedwith this approachmust be recognized. Because
agriculturehas introducedmany non-nativeplant species,the paleo-ecologyof
a waste disposalsite may be an imperfectrepresentationof possiblefuture
changesin vegetation. Much of the HanfordSite vegetationcurrentlyis
dominatedby Asian plantssuch as cheatgrassand Russianthistle,plantsthat
were found only in the easternhemisphere150 yr ago. These speciesdominate
not only cultivatedand overgrazedlands,but are supplantingnativespecies
on undisturbedlands (Mack 1986)• The dominanceof such speciesappearsto
alter functionalecologicalprocesses,such as evapotranspiration,as well as
the generalappearanceof the vegetation.

IncreasedatmosphericCO2 presentsa uniquesituationfor which analogs
may not exist• Much has been publishedrecentlytheorizingabout the global
rise in atmosphericCO and other greenhousegases, which have thrownthe
global climateoff balance. Accordingto greenhousetheory,the global
climatewill be restoredto equilibriumby a warmingof the lower atmosphere
to a point that far exceedsclimaticchangesin historicaltimes
(Ramanathan1988). However,a reductionin plant growthassociatedwith
higherglobal temperaturesmay be balancedpartlyby an increasein growth
attributableto the higherCO2 concentrations•A doublingof atmosphericCO2,
for example,could lead to a greaterthan 80_ increasein biomassyield and,
simultaneously,as much as a 10% decreasein the per-unit-leaf-area
transpirationrate (Idsoet al. 1987).

• 2.1.2.4 AlternateBarrierLysimeterTests• Severalexperimentsusing
lysimetersconsiderablysmallerthan those at the FLTF (Section2.1.2.1)were
startedin 1988 to test the hydrologicperformanceof alternatedesignsof the

• HDW-EISconceptualbarrier(Freemanet al. 1989; Waugh and Link 1988). The
alternatedesigns includeplacementof low-permeabilitylayersat the
interfaceof fine-texturedtopsoiland underlyingcoarse-texturedlayers,and
replacementof the gradedsand-gravel-ripraplayerswith a mixed sand and
gravel layer (pitrungravel). The low-permeabilitymaterialsincludeasphalt,
bentoniteclay, and sodiumsilicategrout.
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These alternatebarrierdesignsare being tested in a small-tube
lysimeterfacility(STLF)constructedadjacentto the FLTF
(Sackschewskyet al. 1991). The STLF containsan array of 100 lysimeters
(Figure5). The lysimetersconsistof 66.54-in.-long-by-11.81-in.-I.D.
(16g-cm-long-by-30-cm-I.D.)sectionsof flush-threadedplasticwell casing,
sealed at one end with a recessedcap. The sealedtube servesas a combined
drainageand weighinglysimeter. Drainageis measuredby collectingwater
from a clear,flexiblepolymertube fittedto a threadeddrain hole at the low
end of the end cap. Water storageis estimatedfrom a recordof weight
changesmeasuredby suspendingthe lysimetersfrom a load cell attachedto a
gantry crane. The lysimetersare placed in buriedracks of PVC sleeveswith
the lysimetersurfaceslightlyabove the grade of the surroundingterrain.
The lysimetersalso are designedto be coupledto an acrylicplant
gas-exchangechamber,which will be used to conductcontrolledexperimentson
evapotranspiration(Section2.1.2.3).

Like the FLTF studies,the precipitation-enhancementtreatmentin the
STLF experimentsconsistsof monthlywater additionsto achievea total
(irrigationplus ambientrainfall)of twice the HanfordSite monthlyaverage.
The parametersof long-termclimaticchangeneededto improvethis treatment
are averageannualprecipitation,seasonalityof precipitation(i.e.,shifts
in the wet season),and storm frequency. The constraintsand uncertainties
associatedwith lysimetersimulationsof a wetter climatewere discussedin
Section2.1.2.2.

2.1.3 Requirementsfor AssessingBarrierStability
and ErosionControl

The long-termperformanceof the permanentisolationbarrierdepends,in
part, on a design that controlssoil loss. The fine-texturedtopsoilis
intendedto store rainwateruntil surfaceevaporationand plant transpiration
cycle it back into the atmosphere. Erosionof the soil layer could lead to
drainagethroughunderlyingcoarse-texturedlayers and into the waste zone.
The depositionof wind-blownsand on the barriersurfacealso could have a
deleteriouseffecton barrierperformance,permittingrapid infiltrationand
deeper percolation,which would resultin reducedevapotranspiration.
Protectionof the embankmentslope of the moundedbarrierfrom erosionand
preventionof slope failureis also criticalfor long-termperformance.

Gravelmulchesor admixtureshave been proposedfor topsoilerosion
control,much like pavementsand lag gravelveneersthat have protected
mineralsoils in desertsfor thousandsof years. Well-gradedgravel and rock
riprap covershave been proposedto controlsideslopefailure. However,
before these conceptscan be transformedinto defensibledesigns,the
followingissuesmust be resolved:

• Optimalgravel and rock sizes,shapes,layer depths,and
concentrationsfor controllingwind and runoff erosion

• Effectof a surfacegravelon soil water balance,plant growth,and
evapotranspiration
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Figure 5. Small-Tube Lysimeter Facility near the Hanford Meteorological
Station To Test Alternative Surface Configurations.
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• Effectof pedoturbation(naturalprocessesof soil mixing)on the
morphologyof the surfacegravel layer

• Effectof riprapon sideslopewater balanceand on the potentialfor
slope faiIure

• Sensitivityof the systemto climaticchange.

2.1.3.1 Wind ErosionControlRequirements. The effectsof eolian processes
on the performanceof the permanentisolationbarriercan be grouped in two
categories: deflationand deposition. Deflationis the loss of surfacesoil,
especiallyduring extremewind events,resultingin a gradualloweringof the o
surfaceelevation. Rapiddeflationcan result in depressions,such as
blowouts,which form when highwinds are directedtowardthe ground leewardof
topographichighs or followinga severedisturbanceof vegetationon soils
high in sand. The followingtwo conditionscould lead to sand depositionand
dune formationon permanentisolationbarriers:

• Unstablesurfaceson sandy soils upwindof the barrier

• Influencesof the elevatedbarriersurfaceand the surrounding
topographyon wind-flowpatterns.

The BarrierDevelopmentProgramincludesseveraltasks to accomplishthe
following"

• Testingthe resistanceof soil and gravel surfacesto wind erosion

• Estimatingthe probabilityof sand depositionand sand dune
formationon barriers

• Modelingair flow patternsand boundarylayersto identifypotential
edge effectsand the possibleneed for windbreaks(Ligotke1989).

The deflationtests are being conductedat the AerosolWind Tunnel
ResearchFacility,which is at the HanfordSite,which is operatedby PNL,
(Ligotke1989). Severalexperimentswere designedto measurethe resistance
to deflationof variousgraveldesignsin combinationwith treatmentsfor
vegetation,soil moisturecontent,and surfacecrusts (Ligotke1989).
Air-flowprofiles,boundarylayers,wind speed,relativehumidity,
temperature,and lightingcan be closelycontrolledand monitoredin the wind
tunnel. Field studieshave also been initiatedto estimatesand transport
potentialsand to measurewind boundarylayersand patternsupwind of, at the
edges of, and over the surfaceof full-scalebarrierprototypes. Includedare
studiesof naturalanalogsto betterunderstandthe likelihoodand causesof
sand transportand dune formationon barriers. These data will be used to aid
in calibrationand validationof simulationmodelsof eolianprocesseson
barriers. Simulationmodels are requiredbecauseof differencesbetween
laboratoryand field conditions,and tileimpossibilityof physicallytesting
myriad combinationsof surfaceand environmentalconditions.

The wind erosionand sanddepositiontests will requireclimaticdata for
an adequateassessmentof the long-termstabilityof the barriersurface.
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Testingcurrentlyis based on HanfordSite meteorologicaldata. However,
possiblefuturechangesin the magnitude,direction,and durationof Hanford
Site winds (such as the possibilityof enhancedfuturearidityand that could
least to increasedtornadic/dustdevil type wind erosion)will be important
for the selectionof wind tunneltreatmentsand for developingpredictive
modelsof soil transport,surfacedeflation,and sand deposition. An
understandingof possiblechangesin the frequencies,speeds,and durationsof
peak gust events alsowill be needed. Changesin wind directionwill be less

• importantfor the erosionstudies,but will be of primaryimportancefor the
studiesof sand transportand depositionon barriersurfaces. Other climatic
parametersneeded for testingand modelingincludeamountand seasonalityof

• precipitation(in relationto soilwater contentand the developmentof
surfacecrusts);temperatureranges,extremes,and seasonality(freeze-thaw
cycles);and changesin plant cover as a soil stabilityfactor.

2.1.3.2 Water ErosionControland SideslopeStabilityRequirements. The
conceptualbarrierdesign includestwo componentsthat could fail as a result
of runofferosion (Cadwelland Walters1989): (I) the fine-texturedtopsoil
coveringthe expansivecentralportionof the barrier,and (2) the riprap
shoulderalong the upper perimeterof the barrier. Althougha level barrier
surfacemay seem ideallysuitedfor controllingrunoff erosion,it may become
necessaryto design barrierswith sloped surfaces,if slopedwaste sites
exist. Crownedsurfacesmay be used if an effectivedesignrequiresthe
partitioningof precipitationinto infiltrationand runoffcomponentsand
divertsthe runoffaway from the barrier. This partitioningmay be necessary
if precipitationexceedsevapotranspirationfor a futurewet climate. In that
case, barrierdesignsmay requireslopesof sufficientdeclinationto provide
adequaterunoffwithoutcausingexcessiveerosion. Slopes alsomay be
necessarybecausebarrierswith level surfacesprobablywould developsome
micro-reliefdepressionsfrom naturalprocesses(e.g.,burrowing,nonuniform
soil depositionaroundplants,freeze-thawcycles)and differentialsettlement
of barriermaterialsand underlyingwaste structures. Infiltrationcould
exceedevapotranspirationin such depressions.

The followingforcescould damagea riprapsideslopeover thousandsof
years:

• Overlandflow after high-intensitystorms
• Rock weathering
• Hydrostaticpressuresfrom excesssoil moisture
• Subsidence
• Animal burrowing
• Freeze-thawcycles.

Flood protectionalso would be of concernif barrierswere constructed
within the ColumbiaRiver floodplain.

As with the previousbarrierperformancetasks,field studiesand
modelingexercisesboth will be requiredto adequatelydesignand test surface
and sideslopecomponentsfor runofferosioncontrol(Cadwelland
Walters1989). Estimatesof importantphysicaldesign and environmental
parametersobtainedin field-plotstudies,naturalanalogstudies,and from
long-termclimaticchange projectionswill be used to calibrateand validate
models that will becomethe engineeringdesign tools neededto optimize
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barrierperformance. The key climaticparametersare storm properties,
includingstorm duration,intensity,time distributionof intensity,and
antecedentclimaticparameterssuch as soil moistureand plant cover as
influencedby fire, disease,grazing,and plant succession.

Rainfallintensityand return frequenciesare of primaryimportancein
these studies. The presentpredictionsof rainfallamount,storm intensities,
and return frequenciesare based on extremevalue analysisof relativelyshort
HanfordSite meteorologicalrecords. Althoughthere is considerable
uncertaintyin extrapolatingestimatesof infrequentextremeevents,such as
the intensityof a storm with a 1,000-yrreturn interval,meteorological
recordssuggestthat the HanfordSite lies geographicallyand climatologically
in a region of high-intensityrainfalland occasionalflash floods (Cadwell
and Walters1989). An objectiveof the climaticchangetask shouldbe to
reducethe uncertaintyassociatedwith estimatesof infrequent,high-intensity
rainfallevents.

2.1.3.3 Effectsof SurfaceGravel and Sand Depositionon Soll Water.
Surfacegravel admixturesand mulcheshave been proposedfor the long-term
controlof wind and runoff erosionon permanentisolationbarriers. A gravel
mulch or admixture,however,could reducesurfaceevaporationand plant
transpiration,thus restrictingthe returnof storedwater to the atmosphere.
Two studieswere designedto measurethe influenceof coarse-texturedsurface
layerson water movementin the permanentisolationbarrier(Waughand
Link 1988; Waugh 1989). Both studiesused factorialexperimenLaldesignsto
measurethe interactiveeffectsof gravel,sand deposition,and a wet climate
(twicethe averagemonthlyprecipitation)on soilwater storage,plant
abundance,plant water extraction,and drainage. Tube lysimeters
(Section2.1.2.4)and large field plots were chosen as the experimentalunits
for these studies.

The field-plotstudy startedin 1986 at McGee Ranch, the site selectedas
a fine soil borrow area at the HanfordSite for the constructionof permanent
isolationbarriers(Figure6). The silt-loamsoil at McGee Ranch has formed
on deep flood sedimentsdepositedduring Pleistocenecataclysmicfloodingof
the ColumbiaBasin. The field-plotexperimentwas designedto test the
combinedeffectsof gravel admixturesand enhancedprecipitationon soil water
storageand plant cover. In contrastwith the lysimeterexperimentsdescribed
in the followingparagraph,the field plots,becauseof their locationand
greatersize, retain a degree of edaphicheterogeneity,and the experimental
designprovidesthe means for isolatingand testingthe variationattributable
to it. The first-yearresultsof the experimentshow that with vegetation
absent,gravel admixturescan elevatesoilwater contentwithin 17.71 in.
(45 cm) of the surface. Gravelhad no effecton soil water contentin plots
where plantswere allowedto grow. The experimentwill be continuedfor
severalmore years to detectthe influenceof gravel and enhanced
precipitationon plant establishmentand on the soilwater profilebelow the
root zone.

The effectsof variouscombinationsof coarse-texturedsurfacelayerson
drainageand evapotranspirationare beingmeasured in lysimetersinstalledat
the STLF near the HanfordMeteorologicalStation(Section2.1.2.4). The
treatmentstructureconsistsof 5 replicationsof 12 differentcombinationsof
gravel,sand, soil, vegetation,and precipitation.The resultsof wind
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tunnel tests (Section2.1.3.1)were used as a guide in the selectionof gravel
treatments. Drainageis measureddirectlyfrom a valve in the bottom of the
lysimeter. Lysimetersare weighedperiodicallyfrom a hoist-mountedload
cell, and water storagechangesare estimatedas the differencebetweenthe
currentweight of the drainedlysimeterand its drainedweight from the
previou._session. Evapotranspirationis estimatedby subtractingthe drainage
value from the sum of precipitationand storagechanges.

As in the FLTF and alternatebarrierdemonstrations(Sections2.1.2.1and
2.1.2.4),simulationof a wetter climatein these erosioncontroltests is
limitedto pe:iodicirrigationand comparisonsof plots with and without
vegetation° To improvethese treatments,predictionsof possiblechanges in
the averageannual amountof precipitation,seasonaldistribution(monthly
amount),and storm intensitiesand frequenciesare needed.

2.1.4 Requirements for Assessing Biointrusion Control

The scope of the bio-intr,sioncontroltasks includesfield studiesand
modelingto assess the influenceof burrowinganimalsin relationto surface
water movementthroughbarriers,surfacesoil erosion,and the direct physical
transportof contaminantsto the surface(Landeenet al. 1989;
Cadwellet al. 1989). Burrowingmay influenceinfiltrationby creating
conduitsfor water movementthroughthe barriertopsoil. Acceleratederosion
may result as burrowinganimalscast loose soil to the surfacewhere it is
susceptibleto wind and water erosion. The field work plannedto address
these issuesincludesstudiesof climaticchangeon burrowinganimalhabitat,
measurementsof animal burrowcharacteristics(depth,soil volumeexcavated,
density,survival,etc.),tests of burrowingeffectson water infiltration,
and tests of variousconstructionmaterialsfor controllingbio-intrusion.
Data from the field tests will be inputto the model BIOPORT
(McKenzieet al. 1986) to predictcumulativevolumesof animalburrows,
cumulativevolumesof soil displacedby burrowingactivities,and the
cumulativeamountof radioactivematerialbroughtto the surfaceof a
permanentisolationbarrierby burrowinganimals.

To predictchangesin burrowinganimalhabitaton barriers,a better
understandingof the probableresponseof the barrierplant communityto
climaticchange is needed. Plant speciescomposition,abundance,and
distributiondeterminethe availabilityand qualityof food and cover for
burrowinganimals. Burrowinganimalhabitatalso is influencedby the
followingclimaticparameters:

• Rainfall--amountand seasonality,snow accumulations,frequencyand
durationof droughts,humidity

• Temperature--seasonality,diurnalfluctuation,frequencyand
durationof extremewarm and cold periods,soil frostdepth

• Wind speed

• Atmosphericgas composition(CO2, pollutants).
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A rotating-boomrainfallsimulatoris used to test the effectsof
burrowingon water infiltration•Tests of small-mammalburrowing(pocketmice
and pocketgophers)are conductedin large steel and wooden enclosures
containingbarriermaterials. Rainfall,equivalentto a 100-yrstormevent
(6.4 cm/h for 13 min), is appliedon these small-mammallysimeterson a
monthly basis• The extentof rainfallpenetrationbelow large-mammalburrows
(badgersand coyotes)is determinedin the field. The effectsof
high-intensitystorms (6.4cm/h for 20 min) have been simulatedon the
large-mammalburrows. Climaticchangepredictionsare needed to justifytheQ

selectionof these treatments•

2.1.5 ClimateSensitivityAnalyses

Sensitivityanalyseswill be conductedto quantifythe relative
importanceof climaticinput parametersrequiredby the varioustasks to
predictthe long-termbehaviorof the permanentisolationbarrier. The
previoussectionsspecifythe many inputparametersthat will be required. In
some cases, levelsof temporalresolutionand precisionare indicated. The
informationin these sectionsshouldbe viewedas a preliminarydiscussionof
climaticdata needs. Many more parametersmay be requiredfor futurestudies
of barrierperformanceassessment•

Analysesof the sensitivityof the barrierto climateare a critical
early phase in Task I. Sensitivityanalysesshoulddictatethe scope and
progressionof the program• If the methodsadoptedto predictthe long-term
performanceof the permanentisolationbarrierindicatethat, within
prescribedlevelsof uncertainty,measuresof performanceare insensitiveto
climaticchange,then the Long-TermClimateChange EffectsTask would become
more qualitativeand less complex• Conversely(andmore likely),if analyses
indicatethat barrierperformanceis highlysensitiveto changesin certain
climaticparameters,then the task would be expectedto producemore
quantitativeestimatesof boundingconditionsfor those parameters.
Reasonablemarginsof uncertainty,which are needed to guide the sensitivity
analyses,will hopefullyemergefrom regulatoryguidelinesand performance
standards• Regardless,uncertaintywill be constrainedby the technology
availablefor performanceassessment.

The relativeimportanceof climaticparameterswill be determinedby
monitoringthe sensitivityof one or more outputsof interest,such as
drainageor evapotranspiration,to variationin one or more climaticinputs,
such as precipitationor wind speed• For most tasks, an expedientapproach
will be to first examinethe sensitivityof the performanceassessmenttool

• (e.g.,model, lysimeter,or field plot) to climaticparameterswithin a range
boundingthe valuesexpectedfor a seriesof worst-casescenarios• Refinement
of a sensitivityanalysisfor a particularclimaticparameterwould be pursued

. only if warrantedby the resultsof the worst-casesituations• Refinement
would consistof additionalanalysesfor successivelyless severe scenarios.
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2.2 TASK 2: SYNTHESISOF EXISTINGINFORMATION

2.2.1 Purpose

The availablepublishedliteraturewill form the basis for developinga
systematicunderstandingof the nature,magnitude,and rate of past and
potentialfutureclimaticchange in the PacificNorthwest. This information
then will help to answerthe first decisionpoint question: "Does existing
informationsatisfydata needs of the variousBarrierDevelopmentProgram
Tasks?" In general,the answerto this questionis "no," and additional
studiesmust be undertakento gain the neededresolutionand detail. However,
most of the studiesassociatedwith the other BarrierDevelopmentTasks are
alreadyunderway. In designingthe treatmentsfor many of these studies,some
assumptionswere made about possiblefutureclimaticconditions(precipitation
amount,storm intensity,wind speed,etc.). These preliminaryestimatesof
potentialclimateare actuallyan early productof Task 7: FutureClimate/
VegetationProjectionsand are shown logicallyin Figure3 as the arrowthat
by-passesthe field studiesand goes directlyto the box titled Future
Climate/VegetationProjections. Becausethe final resultsof the climate
tasks may not be availableuntil near the conclusionof these other barrier
developmenttask studies(whenchanges in treatmentswould be impractical),it
will be necessaryto make the best projectionspossiblewhen they are needed
based on the resultsof Task 2, the synthesisof information. For those tasks
for which climateprojectionshave been providedearly,the remainderof the
climateprogrammay actuallyserve more of a confirmatoryrole and be an
effortto improveour confidenceof the estimatesthat were made relatively
early in the program. If new informationis discoveredtoo late for inclusion
in experimenttreatmentdesign,the impactof these new considerationswill
have to be modeled.

2.2.2 Methods

Based partly on the recommendationof the technicalreviewpanel, this
task is divided into five subtasks" Modern ClimaticPatterns,Holocene
PaleoclimaticLiterature,Late QuaternaryPaleoclimateLiterature,Flood
History,and Global ClimateModeling. These fivedivisionsmake some
intuitivesense becauseof the differingexpertisethat is requiredto deal
with each one. This task will compile,analyze,and synthesizeextant
literatureon the five parts, lt will help identifyareas that are
sufficientlycoveredby extantliteratureand areas in need of furtherstudy.
Literatureand recordswill be reviewedand analyzedand the results
integratedinto climaticallyor hydrologicallymeaningfulsynopses. A useful
startingplace is providedby Houghtonet al. (1990),Crowleyand
North (1990),and Goodessand Palutikof(1991).

Based on the recommendationsof the technicalreviewpanel, the synthesis
of paleoclimatic/paleo-environmentalinformationwill focus on characterizing
periodsof selectedclimaticextremesas contrastedwith the presentthat
could impactthe barriersif such extremeswere to occur. These includethe
last interglacial/glacialtransition(deep sea oxygen isotopestage 5 to
2 ka); the last glacialmaximum (nominally18 ka); and the early Holocene
(g ka). Based on the resultsof some literaturesurveysand the experienceof
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the authors,it may be appropriateto analyzeother periodsof times. For
instance,the COHMAPmodel simulationsincludecharacterizationfor 18 ka and
g ka, but also for 6 ka and 3 ka (COHMAPMembers1988). If these two later
time periodswere also examined,it would allow for an assessmentof the
applicabilityof the COHMAP simulationto the centralColumbiaBasin. Based
on the experienceof Chattersand Hoover (1992),the period 3.5 ka appearsto
have the greatestrelativewetnesslocallyand thus potentiallyprovidesan
analogfor an extremeclimaticconditionthat could affectwater infiltration

. potentialinto the barriers. The local and regionalpaleoclimatic
reconstructionsfor 125 ka, 18 ka, 9 ka, 6 ka, and 3.5 ka will be compared
with other availableglobal climatemodelingsimulationsfor these intervals.

• 2.2.2.1 Modern ClimaticPatterns. Understandingmodernclimaticpatterns
gives a betterbasis for evaluatingpast changesand potentialchanges. In
addition,historiccharacteristicsof extremeevents and changesof
seasonalityultimatelymay give insightto importantcontrollingvariablesto
be consideredin assessingclimaticimpactsto permanentisolationbarrier
performance. A number of regionaldendroclimaticreconstructionsusing tree
rings provideadditionalinsightinto recentclimatictrends. These modern
trendscan be used to compareand contrastwith the five discretetime periods
that have been identifiedfor furthercharacterization.

2.2.2.2 HolocenePaleoclimateLiterature. The availablepaleoclimatic
literatureis divided intothe two groups indicatedbecauseof the paucityof
recordscoveringthe Pleistocene(aboutthe last 1,500,000yr) in the Pacific
Northwest,contrastedwith abundanceof those recordsfor the Holocene(the
last 10,000yr). The HolocenePaleoclimateLiteraturestudy will analyze
alpineglacierhistoriesof the mountainranges surroundingthe Columbia
Basin,physicalstratigraphyin caves and rocksheltersof the region,fluvial
geomorphologyand riparianarchaeofaunasfrom the Columbiaand Snake Rivers
(as indicatorsof climaticchange),evidencefor elevationalchangesin
regionaltimber lines,palynologyof lake basins and terrestrialsedimentsof
the region,and terrestrialarchaeofaunas.All will be integratedinto a
recordof temperatureand precipitationpatternson a seasonaland mean annual
scale to the extentthat the data permitssuch conclusions. Becausethe
magnitudeand frequencyof extremerainfalleventsand/orthe seasonalityof
precipitationmay prove important,a specialeffortwill be made to identify
the range of such parametersfor the selectedperiodsof past climatic
extremes.

The 9,000-yrperiodhas been identifiedby the technicalreview panel as
a period of climaticextremeto receiveparticularstudy. There is
considerablepaleo-ecologicevidencefrom the PacificNorthwestthat the

• period from 6 to 10 ka was a time of greatersummerdroughtthan today. The
COHMAPmodel resultsfor the 9-ka conditionpoint to the amplificationof the
seasonalcycle of radiationand the consequentexpansionof the subtropical

• high as the cause of drier hottersummersat the time (COHMAPMembers 1988).
Anotherperiodselectedfor study is the period centeredon 3.5 ka because
preliminaryindicationsare that it was locallya periodof increased
recharge.

2.2.2.3 Late QuaternaryPaleoclimateLiterature. The focus of this study
will be on climaticrecordsprimarilyfor the last 200 ka becauseof the
paucityof recordsolder than that and becausethe five periodsof climatic
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extremethat have been identifiedto be the focus of study fall with in that
time period. A usefulstartingplace is providedby Houghtonet al. (1990),
Crowley and North (1990),and Goodessand Palutikof(1991);Chapter5 of the
BWIP SCP (DOE-RW1988)will also be consulted. Synthesisof data on full
glacial and interglacialclimateswill use more limitedsets of data from a
largergeographicarea that includeocean sedimentand reef records,ice core
records,long pollenand lake sedimentrecords,calcicveins and spring
deposits,glacialmoraines,and geomorphologyand paleopedologyof loess
deposits in the ColumbiaBasin and elsewhere. These records,when viewed in
the contextof global climatechange,possiblycan give informationabout the
timingand type of climaticchange in relationto astronomicalforcing(the
so-calledMilankovitchcycles)that have occurredin the past thus helpingto
provideboundingconditionsfor any potentialchangesin the future. This
paleoclimatesynthesiswill attemptalso to providea brief but critical
comparisonamong purportedindex data.

2.2.2.4 FloodRecords. The HanfordSite regionhas been affectedby past
catastrophicflooding,and a large body of literaturehas beendevoted
specificallyto that one topic• This task will outlineclearlythe historyof
the floodingconcernsthat have been expressedin the developmentof the
researchstrategyin supportof the BarrierDevelopmentProgram. The
synthesisof the literatureon flood historieswill compilehydrographsof the
historicColumbiaRiver, compileevidencefor estimatesof the magnitudeof
Holocene floods,and search informationon ScablandFloodsand, later,glacial
floodingto gain estimatesof the magnitudeand climaticcontrolson
catastrophicfloodsthat have scouredthis region. Using these groupings,
floodswill be categorizedinto the followingthree classes.

• Type I consistsof floodsresultingfrom precipitationor snowmelt
withoutdrainagefrom ice-dammedlakes.

• Type II floods are glacialoutburstfloods from Canada,which
occurredin the terminalPleistocene,after glaciershad receded
north of the internationalboundary. Initiationof a new glacial
cycle during the next 10,000yr may occasionfloodsof comparable
magnitude.

• Type III floodsare those from GlacialLake Missoula,the largestof
which formedthe gravel plateauon which the 200 Areas are located•
This task will explorethe possibilitythat floodsof this magnitude
could occur during a less-than-fullglaciationwhich could develop
duringthe next 1,000 to 10,000yr. Flood protectionfor Type III
floods is impractical--theywould wipe out all Pasco Basin sites.

2.2.2.5 GlobalClimateModeling. Becauseof the recentconcernover the
potentialimpacton globalclimateby increasingCO2 this study encompasses
the quicklydevelopingfield of globalclimatemodel'ing(Section1.1.2).
Variousgeneralcirculationmodel (GCM)experimentshave been run for the
doubledCOz climateand the ice age climate which arguablycould represent
extremecllmatescenariosprobableduringthe next 1,000 to 10,000yr. Data
availablefrom the models includemost of the relevantparametersfor many
hydrologicmodels includingtemperature,precipitation,cloud cover,etc.
A reviewwill be conductedof modelingresultsof the ice age and doubledCO2
climaticconditionsfocusingon the PacificNorthwest. Useful starting
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materialis providedby Houghtonet al. (1990),Crowleyand North (1990),and
Goodessand Palutikof(1991). The GCMs also producechangesin soilmoisture
and groundtemperature,which would be of relevance• Additionalmodel results
are availablefor the (approximately)9,O00-yrinterval,a time of possible
extremefor which paleodatais more readilyavailable. The methodologyof
Smith and Tirpack (1989)will be used to evaluatemodel results• An improved
approachcurrentlyunder developmentis the use of a high-resolutionmesoscale
model that has a highergrid densitynestedwithin a global climatemodel.
The globalclimatemodel providesthe boundaryconditionsfor the mesoscale

' model simulation(Dickinsonet al. 1989; Giorgi1991). Anyway,the
relationshipbetweenlocal climatevariablesand regionalclimaticcontrolling
factors,such as atmosphericand oceaniccirculationpatterns,must be

" understoodand summarized.

2.2.3 Required Inputs and Expected Outputs

The inputs needed by this study are the bodies of literature mentioned in
Section2.2.2, instrumentalclimaticrecords,and the criticalreviewsby
other climateand paleoclimateexperts• Expectedoutputsare projectreports
and journalarticlessubjectto peer reviewthat synthesizedata on future
climateprobabilities,Holocenepaleoclimates,glacialand interglacial
climates,and floodinghistoriesof the HanfordSite area. Eachof these
documentswill assessthe completenessof extant information,and will make
recommendationsfor additionalstudiesneededto make the climatescenarios
for extremeconditionsdetailedenough so that they can be inputto the local
climatemodel• These synthesesare shown first in Figure3 to be input into
the three groups of field studies(TerrestrialSedimentStudies/Fluvial
Sedimentand GroundwaterStudies/Pollenand Lake SedimentStudies)or into
Task 7: FutureClimate/VegetationProjections(Section2.7).

2.3 TASK3: POLLENANDLAKESEDIMENTSTUDIES

Pollen grains and spores of vascular plants are amongthe most abundant
type of fossils preserved in terrestrial quaternary sediments. As a result,
extensive use of the techniques of stratigraphic pollen analysis have been
appliedin attemptsto reconstructpast plant distributionand abundanceand
to estimatethe controllingclimaticconditions(Berglund1986). Analysisof
dated cores of lake sedimentscan yield pollencharacteristicsof the
vegetationand climateat the time the sedimentwas deposited. Specifically,
pollen analysiscan aid in accomplishingthe followingactivities•

• Detectingdifferencesin past vegetationdistribution

• Indicatingrelativedifferencesin effectivemoisturethroughtime

• Helpingto determinethe limitsof the extentof climaticvariation

• Characterizingthe rates of changefrom one climateregimeto
another•
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2.3.1 Purpose

The purpose of this task is to collect, date, and analyze fossil pollen
and other lake sedimentdata obtainedfrom long cores to allow further
refinementof the developingclimatehistoryof the Pasco Basin region and
providemore location-specificclimaticinformationon periodsof climatic
extremeidentifiedfor study in this study plan. Specifically,two subtasks
(Sections2.3.2.1and 2.3.2.2)have been identifiedto accomplishthis task.

2.3.2 Methods

The study of lake sedimentscores and their constituents(includingthe
sediments[grossphysicaland chemicalcharacteristics,organicweight loss on
ignition,volcanicashes,and isotopiccontent],charcoal,fossilpollen,
plant and fungal spores,algae,and plant and animalmacrofossils)provide
evidenceof vegetationaland climaticchangesfor the time periodrepresented
by the depositedsediments(Berglund1986; Birks and Birks 1980; Birks and
Gordon 1985; Faegriet al. 1989). Two subtaskswill be undertakento
elucidatespecificdetailsof paleoclimatein easternWashington. The first
subtask(Section2.3.2.1)is a transectof pollensites acrossthe central
ColumbiaBasin designedto refineestimatesof changein past climatic
conditionsand especiallyfor the 9-ka, 6-ka, and 3.5-kaperiods. The second
subtask(Section2.3.2.2)is a recordingof a lake near Goldendale,
Washington,that alreadyhas a pollen recorddating 33 ka. The specific
objectivesof this secondsubtaskincludesgettingmore informationon the
18-ka periodof extremeclimate,extendingthe recordas far back in time to
documentthe antecedentclimateconditions,and attemptingto recoversome
missingrecordthat occurredduringthe 9-ka period.

Sedimentcores will be taken from each lake in an attemptto obtain
unbrokenrecordsfrom modern times back to the time the basinsbegan to
accumulatesediment(sincethe last glacialflood in the case of the first
subtaskor creationof the volcaniccrater in the case of the second task).
Coringwill be conductedusing a modifiedLivingstonepiston sampler
(Deevey1965). Once obtained,cores will be opened,described,and sampled
for chronological,compositional,and palynologicalstudies. Chronologywill
be based on radiocarbondatingof organicsedimentand tephrochronologyusing
as many as six volcanicash layersof known age and mineralcomposition.
Compositionalanalyses,used to determinethe rates of organicand inorganic
sedimentinflux,will rely on weight loss on ignition. Palynologicalstudies
(takenhere to includeanalysesof pollen,spores,plant macrofossils,and
diatoms)will followstandard,state-of-the-arttechniques. Sampling
intervalswill vary with the site and time period;sedimentsrepresenting
intervalsof specialinterest(18 ka, 9 ka, 6 ka, and 3.5 ka) may be sampled
more closelythan others,as will sedimentsfrom importantfloristic
transitions. Sedimentsamplestaken for pollenanJ spore analyseswill be of
constantvolume and be combinedwith known concentrationsof tracerLycopodium
sporesas a standardfor use in computationof pollen and diatom
concentrations. Identificationwill be done in a standardmanner, usingtype
collectionfor identificationof unknowns. Resultsof palynologicalanalyses
will be describedas raw counts,pollenpercentages,and pollen
concentrations/influxrates.
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2.3.2.1 Transectof PollenSitesAcross the Scablandof the CentralColumbia
Basin. Studieswill be conductedof lacustrinesedimentsfrom four lake
basins. These lakes,Williams (nearCheney,Washington),Wildcat (near
Hooper,Washington),Sulphur(nearConnell,Washington),and Badlands(near
BentonCity, Washington)span the steppezone of easternWashingtonand
straddlethe HanfordSite, and thus are expectedto providedetailed
informationon the distributionsof vegetationtypes and levelsof groundwater
in the Pasco Basin and vicinity. Cores alreadyexist for Williamsand Wildcat
Lakes,and these have been analyzedto varyingextentsalready
(Mehringer1985; Nickmann1979),but core will need to be taken from Sulphur
and BadlandsLakes. The time periodcoveredby these basins is the past
13,000yr for all basins and may be as much as 20,000yr for SulphurLake.
Variationsin the occurrenceand frequenciesof differentpollen,algae,and
plant macrofossiltypes acrossthis transectwill be interpretedin terms of
changingplant communitycomposition,which will in turn be a basis for
estimatesof changingsubannualpatternsof temperatureand precipitation,and
positionsand intensitiesof major storm tracksfor the latestPleistoceneand
periodsof the Holocenecenteringon g ka, 6 ka, and 3.5 ka. SulphurLake in
particularhas been chosen for study becauseof its potentialto containa
pollenrecorddating to the full Glacial(ca. 18 ka) about which nothingis
known for the centralColumbiaBasin. In additionto vegetationand
paleoclimaticreconstruction,lake sedimentswill be studiedfor evidenceof
changingwater levels in the lakes,which are believedto reflectgroundwater
levels in the lakes'vicinities. These data will be used as an adjunctto,
and cross-checkof, data on groundwaterrechargerates obtainedfrom extant
wells (seeSection2.4.2, FeasibilityStudy for EpisodicGroundwater
Recharge).

2.3.2.2 Full GlacialPollenRecordfrom Carp Lake, Goldendale,Washington.
The secondsubtaskis a recordingof Carp Lake, south-centralWashington.
Carp Lake, 7 mi (11.27km) north of Goldendale,is within a volcaniccraterof
early Pleistoceneage, and has been shown (Barnosky1985) to have a record
that extendsat least 33 ka and bracketsthe period of maximumfull glacial
conditionsthat date to approximately18 ka. A geophysicalsurveyof the
bottomof Carp Lake will be performedto locatewithin the lake basin the
thickestand hopefullythe most completesectionof lake sediment. This will
aid in the attemptto extendthe climaticrecordeven fartherback in time to
providemore informationon the antecedentclimaticconditionsthat preceded
developmentof full glacialconditions. This secondcoringwill aid also in
the attemptto recoversedimentfrom the 9-ka periodthat appearsas a hiatus
in the earliercoringrecord. A pollenprofilewill be producedand analysis
performedon the data in terms of quantitativeestimatesof past climate. The
locationof Carp Lake is such that it will completethe northeast-to-southwest
lineartransectformedby the four lakes to be studiedin the other pollen
subtask(Section2.3.1)and can be comparedand contrastedwith them for the
post 13-kaperiod. The work at Carp Lake also will utilizeresponsesurfaces

. that are being currentlydevelopedfor western planttaxa and other
regression-basedmethodsto reconstructpaleoclimate.

2.3.3 RequiredInputsand ExpectedOutputs

Inputrequirementsfor this task includethe existingsedimentcores from
Williamsand Wildcatlakes,extantpalynologicaldata from previouswork at
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those two lakes,and that of Carp Lake, and botanicaldata on the ecological
tolerancesand climaticcontrolson plant communitiesof the Steppeand
foothillsregion..Expectedoutputsincludedated recordsof pollen,spores,
plant macrofossils,diatoms,physicalstratigraphy,and depositionrates from
the five lake lineartransect. These data and those previouslyreportedfor
a number of pollensites that surroundthe centralColumbiaBasin
(Barnoskyet al. 1987; Baker 1983;Huesser1983;Mehringer1985)will be used
to infer past climaticconditionsfor the time periodsidentifiedfor study.
These data and those from the other tasks in this study plan also will be used
to reconstructpast lake (groundwater)levelsfor the entire Holoceneand the
late Pleistocene. This informationwill be passedto Task 7: Past Climate/
VegetationalVariation,which is shown as a box in Figure3.

2.4 TASK 4: FLUVIALSEDIMENTAND GROUNDWATERSTUDIES

This task focuseson evidenceof climaticchange from fluvialsedimentor
groundwaterstudies, lt has two subtasks: one flood history(Section2.4.1)
and a feasibilitystudy (Section2.4.2) for using groundwaterdates to infer
climaticchange.

2.4.1 FluvialIndicators

2.4.1.1 Purpose. This task will assessthe potentialthat ColumbiaRiver and
glacialoutburstfloodsmight inundateand erode barrierslocatedat lower
elevationsof the HanFordSite, and can be used in conjunctionwith
paleoclimaticrecordsto assessthe effectsof climaticconditionson the
magnitudeof flood hazards. The 100 and 300 Areas of the HanfordSite are
locateda few meters above the modern ColumbiaRiver,and it is possiblethat
under extremefloodingconditions,water might exceedthe confinesof the
river'schannel and affectthe barriersand waste depositslocatedthere. The
200 Areas of the HanfordSite are locatedmuch higheron the landscape,but
nonethelesswere under water duringthe maximumglacialfloodsthat swept the
region in the late Pleistocene.

Floodswill be consideredin three classes. Type I consistsof floods
resultingfrom precipitationor snowmeltwithoutdrainagefrom ice-dammed
lakes. This type of flood may have the potentialto affectonly the 100 and
300 Areas of the Site; this possibilitywill be exploredby studyingthe
elevationsof Holocenefloodsand historicfloods on the ColumbiaRiver using
geologicaland historicaltechniques. Type II floods are Glacialoutburst
floodsfrom Canada,which occurredin the terminalPleistocene,after glaciers
had recedednorth of the internationalboundary. Initiationof a new glacial
cycle duringthe next 1,000 to 10,000yr may occasionfloodsof comparable
magnitude. Such floods,if repeated,also would affectonly the 100 and
300 Areas. Type III floodsare those from GlacialLake Missoula,the largest
of which formed the gravelplateauon which the 200 Areas are located. This
task will explorethe possibilitythat floodsof this magnitudecould occur
during a less-than-fullglaciation,which could developduringthe next 1,000
to 10,000yr. Of course protectionfrom floodsof this magnitudeis not
practicalbecausethey would wipe out Pasco Basin sites.
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2.4.1.2 Methods. We will considerboth the recordof variousflood types and
the probabilityfor similarfloodsto occur in the future. The past recordof
the largestType I floodswill be exploredusinggeological(e.g.,Kocheland
Baker 1982; Costa 1978) and historicaltechniques. Historicalrecordsof the
largestfloodsof moderntimes,the 1894 and 1948ColumbiaRiver floodswill
be searchedfor recordsof floodwater elevation. In addition,floodplain
sediments,particularlythose exposedalong the ColumbiaRiver near the 300,
IO0-Dto tOO-H,tOO-N, and IO0-F Areas,will be trenchedusing a backhoeto
identifyand documentfluvialsedimentsof Holoceneage. Maximumelevations
of individualfluvialbeds will be measured,and these sedimentswill be dated
using either tephrochronology,radiocarbon,or thermoluminescence.Paleoflood
recordsthus obtainedwill be comparedwith paleoclimaticdata obtainedin
other tasks and also will be used to inferthe climaticconditionsthat
contributeto major flooding. Risks to the low-elevationwaste sites then
will be estimatedby elevationand climaticscenario. Geologicrecordsalso
will be used to explorethe magnitudeof Type II floods,but in this case will
includea search for the youngestglacialflood channelson the HanfordSite,
using aerial photogrammetryand surfaceinspection. When sedimentsare
identified,their elevationswill be mappedand theywill be dated by one or
more of the aforementionedmeans. Dated flood depositsthen will be
correlatedwith glacierpositionsand paleoclimatesso that the conditions
necessaryfor the occurrenceof Type II floodscan be determined. Type III
floods,which have been studiedextensivelyby others,will be investigated
througha literaturereview,coveredlargelyunder Task 2. The potentialfor
all types of floodsfound to reach elevationshigh enoughto affectpotential
waste sites will be estimatedusing extantmodels of climaticchangeand
developmentof glacialcycles.

2.4.1.3 RequiredInputsand ExpectedOutputs. Requireddata include
paleo-ecologicaland paleofloodsummariesfor the ColumbiaBasin preparedin
Task 2, data on historicalflow characteristicsof the ColumbiaRiver,and
models of futureclimateand glacialdevelopmentscenarios. Data producedby
the task will be used to producethe following:

• A chronologyof severeType I floodsand their maximumelevations

• An estimateof the timingand severityof Type II floods

• Models of the conditionscontributingto severeType I and II floods

• Estimatesof the probabilityfor any of the three flood types to
occur in the next 1,000 to 10,000yr and in doing so the possibility
that they could adverselyaffectbarriersurvival.

i

2.4.2 FeasibilityStudy for EpisodicGroundwaterRecharge

2.4.2.1 Purpose. In a study of groundwaterin easternWashington,Silar
(1969)obtained43 radiocarbondates on dissolvedCOz from confinedaquifers
that lie betweenbasalt strata. Preliminaryreanalysisof these dates and
their geographicdistributionshas shown that, ratherthan exhibitingthe
expectedinverseexponentialfrequencydistributionwith age, the dates
exhibitstrongmodalitiesthat correlatewith climaticperiodsrecognizedin
the Holocene. Althoughthe numberof dates is small,it is indicativeof the
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potentialof water datingfor understandingthe relationshipbetweenclimate
and groundwaterrechargein the region aroundthe HanfordSite. Additionally,
becausegroundwateris likelyto percolatefromthe surfaceinto the vadose
zone early in the year--beforeevaporationbecomesa significant
influence--isotopiccompositionof dissolvedoxygen in groundwatershould
reflectthe cumpositionof the precipitationfrom which it was derived (Eicher
and Siegenthaler1976; StuiverIg70). The isotopiccompositionof this
precipitationis directlyrelatedto air temperature(Dansgaard1964).
Becausethe majorityof precipitationin this regionfalls in winter--andthe
primarysourceof groundwateris winter precipitation--theoxygen isotope
compositionof groundwatershouldbe useful as a measureof winter temperature
(whichis not availablefrom any other data source). This task will explore
the feasibilityof radiocarbonand oxygen isotopeassayof confined
groundwatersin and aroundthe Pasco Basin as means for studyingrechargein
relationto climateand wintertemperatures,respectively. If the approach
provesfeasiblefor one or both applications,the task will be expandedinto a
full-scalestudy that will contributesignificantlyto the understandingof
the impactof climaticscenarioson the infiltrationof water intowaste
forms.

2.4.2.2 Methods. This feasibilitystudy will have two parts. Part I will
consistof a literaturereview,and Part II will consistof field studies. In
Part I, reviewof the theory and techniquesof groundwaterdating and isotopic
analysiswill be undertakenand expertswill be consulted. If this review
demonstratesthe theoreticalfeasibilityof the research,then Part II, the
field studies,will be initiated. This will consistof analysisof an initial
10 groundwatersamples. Sampleswill be obtainedfrom existingirrigationor
drinkingwater wells that draw from confinedaquifers,distributed
systematicallyin geographicspace. The exact samplingproceduresto be used
will dependon resultsof the literaturereview. Carbon from carbon dioxide,
and oxygen,deuterium,and tritiumfrom water will be extractedand
isotopicallyanalyzedby mass spectrometry. Importantcarbon isotopesare 14C
and the ratio of 13C:12C; the formerfor determinessampleage, the latterthe
contributionof ancientcarbonates(e.g.,from limestone)to the carbon
contentof the water. If ancientcarbon is absentor occurs in insignificant
amounts,then the radiocarbondate may be correct. Deuteriumand 0 isotopes
will be analyzedtogetherto ascertainthe water source. If they are derived
frommeteoricprecipitation,and littlerecentwater has been added to the
aquifer,then D and 0 shouldexhibita linearrelationship. Tritiumwill also
indicatethe extent of moderngroundwatercontaminationof deep aquifers.18 16
Finally,the ratio of 0 to 0 will be determinedand comparedwith the ratio
for standardmean sea water to calculatethe air temperatureat the time of
condensation.

2.4.2.3 Data Input Requirementsand ExpectedOutputs. Data input
requirementsfor this task includeliteratureon dating and isotopicanalyses
of groundwatersand water samplesfrom 10 wells in the ColumbiaBasin.
Expectedoutputsare an assessmentof task feasibility,and if this result is
positive,a demonstrationof technicalapproachused includingtables of
isotopiccontentsof the 10 water samples. If the work proves feasible,a
finaloutput of this feasibilitytask will be developmentof a detailedtask
plan for furtherresearch.
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2.5 TASK5: TERRESTRIALSEDIMENTSTUDIES

This task focuses on terrestrial sediment studies. It has two subtasks,
studies of eolian sediments (Section 2.5.1) and faunal data (Section 2.5.2).

2.5.1 Studies of Eolian Processes

. 2.5.1.1 Purpose. The influenceof climateon surfacewinds is a variable
importantfor understandingthe impactof those climaticstateson the
performanceof permanentisolationbarriers. The directionand velocityof
surfacewinds flowingover sedimentsourceareas (also partiallycontrolledby
climate)affectspatternsof wind erosionand disposition. Collectivelythese
are referredto as eolianprocesses. Removalfrom or depositionof fine
sedimenton barriersmay impactsoilwater balance,therebyaffectingthe
barrier'sabilityto preventdissolutionand transportof waste materials.
This task will study the relationshipbetweeneolianprocessesand climatic
conditionsduring the postglacialperiod (the last 10,000to 13,000yr) on and
aroundthe HanfordSite. This task consistsof three phases. Phase I will
characterizethe eolian systemsand eoliansedimentchronologyon the Hanford
Site by collatingand analyzingexistingmeteorologicaland dune distribution
data to clarifythe link betweenclimateand eolian processesand by outlining
a sequenceof dune formationand stabilizationintervalson the HanfordSite
during the postglacialperiod (thelast 10,000to 13,000yr). Phase II will
accomplishthe following:

• Conductstudiesof the regionalterrain
• Map and date dune formationepisodeson a regionalscale
• Reconstructpast wind flow patterns.

Phase III will interpretthe link betweenHoloceneclimaticconditionsand
eolianerosionand sedimentation.The resultscan be used in conjunctionwith
futureclimatemodels,past climaticscenarios,and wind tunnelexperiments
studiedby other BarrierDevelopmentProgramtasks to estimatethe future
likelihoodfor extensivedune formationon and wind erosionfrom the barriers.

2.5.1.2 Methods. One goal of Phase I is to characterizethe eoliansystems
on the HanfordSite by collatingand analyzingexistingmeteorologicaland
dune distributiondata to clarifythe link betweenclimateand eolian
processes. Phase I will begin by characterizingdune formationpro:esseson
the HanfordSite. Extantdata will be compiledon meteorology(especially
wind) and sand roses that have been generatedby HanfordSite contractors
during the past 45 yr. Aerialphotographsof the Site will be analyzedto
allow creationof maps of past dune movement. Resultswill be used to
reconstructa historyof dune migrationin relationto short-termclimatic
variationat the Site. Some measurementof dune migrationrates during the

• contractperiodmay be necessaryalthoughthis type of activitymostlywill be
coveredin Phase II. Anothergoal of Phase I is outlininga sequenceof dune
formationand stabilizationintervalson the HanfordSite duringthe
postglacialperiod (thelast 10,000to 13,000yr). Phase I will next
establisha chronologyof eoliandepositionon the HanfordSite by
identifying,describing,sampling,and analyzingdune depositsand source
areas for eolian sediment. Chronologicalcontrolwill be accomplishedby
locatingdunal sedimentsthat are associatedwith some datablematerialsuch
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as soil carbon,archaeologicalremains,or volcanicashes. Dates will be
obtainedby tephrochronology,thermoluminescence,or radiocarbon. Eolian
sedimentsat each site will be described,includingsedimentstructure,
texture,mineralogy,and the degree and type of soil developmentat the
surfaceof each depositionalstratum.

Phase II includesobjectivesto conductstudiesof the regionalterrain,
to map and to date dune formationepisodeson a regionalscale, and to
reconstructpast wind flow patterns. Phase II providesfor the collectionof o
data on the morphologyand sedimentologyof dunes activesince 1945 from areas
within and beyondthe HanfordSite and for analysisof thesewith
meteorologicaland sand rose data for the same periodto clarifythe causal
relationshipsof these phenomena. Additionaldata on the geographic
distributionof different-ageddune sedimentsand sedimentsourceareas also
will be studied. Systematicsamplingof stabilizedand activedunes will be
conductedon and aroundthe HanfordSite to generatemaps of dune fieldsfor
each depositionalepisode,identifysedimentsourcesfor each episode,and
obtaindata for use in determiningwind directionand velocityfrom the dune
fieldmaps, and dune sedimentologyand morphology. This will require
extensivetrenching,core sampling,and textural,mineralogical,
sedimentological,and chronologicalanalysisto obtain cross-datingof sampled
dunes with the eolianchronologyof Phase I and evidencefor air flow
patterns. The resultwill be maps of air flow patternsand velocitiesfor
identifiedperiodsin the past.

Phase III is for the interpretationof the link betweenHoloceneclimatic
conditionsand eolianerosionand sedimentation.The resultscan be used in
conjunctionwith futureclimatemodels,past climaticscenarios,and wind
tunnelexperimentsstudiedby other BarrierDevelopmentProgramtasks to
estimatethe futurelikelihoodfor extensivedune formationon and wind
erosionfrom the barriers. Phase III will comparemaps producedin Phase II,
with the climaticconditionsfor the periodsthey represent. This
information,alongwith data obtainedduring Task 2 on modernclimatesand
dune formation,will be used to generatea model of the relationshipbetween
climateand eolian processes. This model then can be run using climatic
conditionsexpectedunder extremeclimaticstates identifiedand characterized
by other componentsof the ClimateChangetask of the BarriersDevelopment
Program.

2.5.1.3 RequiredInputsand ExpectedOutputs. Requiredinputs are the
paleoclimaticreconstructionsfrom Task 3 and other tasks, historicdata on
HanfordSite meteorologyand sand and wind roses, a dated seriesof aerial
photographs,and literatureon eolianprocesses. Expectedoutputsare an
analysisof the recent historyof dune formationand movementon the Hanford
Site, maps of dune fields and paleowindpatternsin the region,and a model
describingthe relationshipbetweenclimateand eolianprocessesthroughout
the Late Glacialand Holocene.

2.5.2 Faunal Indicators

2.5.2.1 Purpose. In the event that palynologicalstudiesfail to obtain a
recordof vegetationfor the full glacialperiod (18 ka) or the last
interglacialperiod (125 ka), assemblagesof small vertebratefossilswill be
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obtainedfrom the loess depositsin the vicinityof the Pasco Basin to provide
the neededdata. The compositionof microfaunalcommunitie(_is relevantto
the characterizationof past climateat the HanfordSite becauseanimal
communitycompositioncorrelateswith modernvegetationdistributionsand
temperatureextr'emes(H;Irrisand Maser 1984). Microfauna,i_cludingprimarily
rodentsand reptiles,are short-lived,nonmigratoryanimalswith small home
ranges. They are often highlyhabitatspecific,so that individualspecies
are good indicatorsof vegetationand other environmentalcharacteristics.
Their bones are resistentto decay in the neutralto basic soils of arid lands

• and are readilyidentifiableto genus and usuallyto speciesleve_. Based on
the ecologicalamplitudesof the variousanimalsfound in paleontological
collections,and the relativeabundanceof differentspecies,past
environmentalconditionscan be inferred. The resultsof analysisare usually
consistentwith paleo-envircnmentalreconstructionsfrom other sources.

2.5.2.2 Methods. Agro_omistsfrom WashingtonState Universityhave reported
observingconcentrationsof smallmammal remainswhile conductingstudiesof
fossilsoils in southeasternWashington. Additionalfossildepositsare known
to occur in the Horse HeavenHil_.s(Rensbergeret al. 1984). Known sites will
be visitedand assessedfor their potentialto providethe needed quantityof
remains,then a subsetof observedsiteswill be selectedfor sampling.
Fossilswill be excavatedand preservedusing standardpaleontological
techniques. Associatedsedimentswill be dated by tephrochronology,
thermoluminescenceand, if appropriate,radiocarbon. Bone assemblageswill be
identifiedusing keys (e.g.,Maser and Storm 1970)and comparative
collections,and they will be quantifiedby appropriatemethods
(Grayson1984). LJsingmodernecologiesof the representedanimals,
environmentalconditionsat the time of assemblagedepositionwill be
inferred.These will be used along with any other evidenceobtainedfrom
outsidethe area to estimateclimaticconditionsin the Pasco Basin during the
fullglacialand last interglacial.

2.5.2.3 RequiredInputsand ExpectedOutputs. Data requiredwill be
informationon the ecologyand identificationof microvertebrates,the
locationsof fossilsites, and recordsand possiblycollectionsfrom previous
palec;Jtologicalexcavationsin the region. The expectedoutput is a
tabulationof smallmammal and reptilefaunasfrom the loess depositsaround
the Pasco Basin dating to the full glacialand/orinterglacial,an
interpretationof their meaningin environmentaland climaticterms.

2.6 TASK 6: PAST CLIMATE/VEGETATIONVARIATIONS

The resultsobtainedfrom Tasks 2 though5 will be integratedinto one
comprehensivepictureof past climate/vegetationvariationsin the Hanford
Site region for the Late Quaternaryand Holocenewith specialemphasison the

. periods125 ka, 18 ka, 9 ka, 5 ka, and 3.5 ka. For this task, the gathered
datawill be used to formallydocumenta defensibleanswerto part of the
questioncontainedin the seconddecisionpoint in Figure3: "Do
ReconstructionsBound Long-TermAstronomicalForcing... ?" At this point it
might be possibleto learn enough aboutthe boundingrangesof precipitation
and temperatureand the typesof vegetationthat have occurredin the past to
use these rangesexclusivelyin the performanceassessmentof the permanent
isolationbar_'iers.However,the entirequestionfor the seconddecision
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point cannot be answeredcompletelyuntil the timing,character,and
uncertaintyfor greenhousewarmingcan be projectedfor the HanfordSite
Region. Therefore,the resultsof this task must be coupledwith those of
Task 7.

2.7 TASK7: FUTURECLIMATE/VEGETATIONPROJECTIONS

The resultsobtainedfrom the literaturesearch in Task 2 will be used to
make future climate/vegetationprojectionsthat take into considerationthe
potentialnear-termeffectof futuregreenhousewarmingand the longer term
effectof cyclinginto the next ice age. Togetherwith Task 6, the gathered
data for this task will be used to documentformallya defensibleanswer tot
the questionposed in the seconddecisionpoint: "Do ReconstructionsBound
Long-TermAstronomicalForcingand ProjectedGreenhouseEffects?" If it were
found that the characterizationof the past climatechangemore than bound
those anticipatedfor the futurebased on the a resultof the literature
survey,the answerto the questionwould be "yes" and there possiblywould not
need to be a developmentof a local climatemodel. The resultsof Task 6 and
this task then would be fed directlyto Task 10: Projectionof Future
Climate. However,preliminaryindicationsare that a local climateforecast
model is calledfor becauseof the uncertaintyof the local effect that
greenhousewarmingcould have in the HanfordSite Region. Some of these
concernswill be discussedin the followingsections.

Further,as discussedin Section2.2.1,most of the studiesassociated
with the other BarrierDevelopmentProgramTasks are alreadyunderway. In
designingthe treatmentsfor many of these studies,some initialestimates
were or will be made about possiblefutureclimaticconditions(precipitation
amount,storm intensity,wind speed,etc.). Becausethe final resultsof the
long-termclimaticassessmenttask may not be availableuntil near the
conclusionof some of these studies(whenchangesin treatmentswould most
likelybe impractical),the remainderof the climatechangeassessmentfor
these studiesmay serve as a confirmatoryrole for the early estimates. If
new informationis receivedtoo late for inclusionin treatmentdesign,the
impactof these new considerationswill have to be modeledor estimatedusing
professionaljudgement.

2.8 TASK 8: LOCAL CLIMATEFORECASTMODEL AND TASK 9: MODEL
CALIBRATIONAND VALIDATION

2.8.1 Purpose

Conceptually,the projectionof futureclimatevariationin the Hanford
Site regionwill be accomplishedthroughthe developmentof a local climate
forecastmodel that will use GCM experimentresultsto provideinitialand
lateralboundingconditions. The primarypurposeof the local-climate-
modelingeffort to substantiateestimatesof futureclimatechange from the
effectsof increasedCO2 or other anthropogenicgas sources,such as methane
or chlorofluorocarbon.Validationand calibrationof the local climatemodel
will be accomplishedin part by using past climateconditionsderivedfrom
paleoclimatestudies. The outputfrom the local climatemodel then will be
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used to projectfuturevariabilityin the precipitationand temperatureof the
HanfordSite region,which then will be availableto aid in barrier
performanceassessmentanalyses.

2.8.2 Methods

Assuming general circulation models can provide a reasonable climate
• forecastfor the large-scaleatmosphericflow, local climaticchangescan be

determinedby correlatingpoint-specificdatawith large-scalepatterns. This
idea will be used to constructa climatemodel for the Pasco Basin region.

. The researchwill be dividedinto three phases: (I) determiningthe pattern
identificationprocess,(2) buildinga stochasticor regressionmodel between
historicallarge scale patternsand regionalprecipitationor temperature,and
(3) applyingthe model to GCM resultsfor alteredclimate.

Work on the first phase has startedas part of a separateprojectto
examinethe impactof globalchange on the Cascadehydrologicalcycle.
Resultsfrom this researchhave identifiedstatisticalmethodsfor
classificationof weathertypes based on rotatedprincipalcomponents. As
part of the first and secondphases,a statisticalanalysisof the variability
explainedby the patternclassificationmethod will be performed, lt is
importantto understandthe predictiveabilityof patternclassificationsfor
the currentclimatebefore undertakingan extensiveforecaststudy. For
example,patternidentificationschemesshouldbe able to identifyshort-term
(decades)climatevariabilitywith reasonableaccuracy.

One method for testingthe patternclassificationis to generatea
stochasticmodel of a parameterusing one 10-yr periodof data and apply the
model to a different10-yr control. By runningthe model numeroustimes, a
statisticalsamplecan be obtainedand used for determiningthe model
variance. The model variancethen can be comparedto observedvariabilityto
ascertainmodel uncertainty. The stochasticmodel also will be testedby
using GCM controlrun cases that representcurrentatmosphericclimatic
conditions. These tests will determinethe bias of GCM runs comparedto
actual climateparametersand may be used to adjust alteredclimatescenarios.

After determiningthe uncertaintyof the stochasticmodel, testswill be
performedto simulatethe local climatefor the paleoclimateperiods. These
validationtests will use data simulatedusing a GCM for times examinedin the
paleoclimateanalysis(Tasks2 through6). Based on the stochasticmodel
output,simulatedparameters(suchas averagemonthlyprecipitation,monthly
averagetemperature,and extremeevents,such as recordmaximumsof rain or

• temperature)will be determined. Valuesfor these climatemeasuresshould be
within the values found in the reconstructedpaleoclimaterecord,providing

_ verification.

Simulationsof futureclimateswill proceedwith the applicationof CO.
e • _

GCM simulationresults. This phase of the studywill involvethe examlnatlon
of variousmodel runs includingcases with doubledCO2 and gradualCO2
increase. From these runs, estimatesof precipitationand temperaturefor the
HanfordSite regionwill be made for long-termchanges.
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2.8.3 Required Inputs and Expected Outputs

The proposed model will require outputs from a GCMmodel run representing
the type of climate of interest. Currently, 5° lat. by 5° long. data are
being used to determine principal components for the northwest region.
A station record for observation sites over the period from 1946 to present
also is needed to calibrate the stochastic model.

Output from the stochasticmodel will consistof daily precipitation
totalsalong with maximumand minimumtemperaturesfor a length of record
equal to the GCM outputperiod. More extendedrecordscan be artificially
constructedusing Monte Carlo techniqueswith the GCM output.

2.9 TASK 10: PROJECTIONOF FUTURECLIMATES

2.9.1 Purpose

The purposeof this task is to providethe neededinformationon
potentialfuture climatesso that the effectsof futureclimaticchangecan be
assessedas they pertainto the disposalof wastes at the HanfordSite. This
will aid in developmentof the barrierdesign and the demonstrationof
complianceto regulatoryrequirementsand performancestandards. Specifically
the informationin this task will be used to help answer the questionposed in
decisionpoint 4 which asks, "Do projectionsSatisfyClimate/VegetationData
Needs?" This task also acts as the administratorof and collectorfor all
other tasks and their output,and includesmiscellaneouslevel-of-effort
activities.

2.9.2 Methods

This task will focus on documentingthe use of past climatic
reconstructions,currentmeteorologicalconditionsand historicpatterns,and
the modeled futureglobalchangesrelatedto both the greenhouseeffect and
the cyclinginto the next ice age to providedefensibleprojectionsof future
climaticvariabilityand vegetationin the Pasco Basin for the next 1,000to
10,000yr. Both paleoclimateindicatorsand modelingoutputswill be examined
to identifythe boundingrangesof potentialfutureclimatechange. Any
deficiencieswill attemptto be rectifiedby Tasks 11 and 12.

2.9.3 Required Inputsand ExpectedOutputs

Informationis requiredfrom Tasks 2 through9. The expected
deliverablesand output includethe following:

• Defensibleprobabilisticprojectionsof the long-termclimate
variabilityin the HanfordSite and Pasco Basin region at many
differenttime scalesinto the future

• Severaltest case climatescenariosthat bracketthe range of
potentialfutureclimate
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• Use of the climatescenariosboth to test and model protective
barrierperformance

• Status reportsdocumentingprogramprogress.

2.10 TASK11: GENERATIONOF WEATHERSTATISTICS

2.10.1 Purpose

If data from Task 10 do not project specific parameters in enoughdetail
" such as meanmonthly precipitation, meanmonthly temperature, and coefficients

of variation for solar radiation, then specific weather statistics generation
models will be used to estimate these parameters.

2.10.2 Methods

Weather statistics generation models, such as WGEN(Richardson and
Wright 1984), have been used to generate specific climatic parameters such as
meanmonthly precipitation, meanmonthly temperature, and coefficients of
variation for solar radiation. One method of applying such a model is to
select a representative analog location, obtain the characteristic climatic
data for the analog site, and then use it as the basis for generating
time-series data of the type required by UNSAT-Hto simulate the hydrologic
performanceof the barrierfor a futureclimatestate thatmatchesthat of the
analogsite. These time seriesdata also could supplythe needs of other
BarrierDevelopmentTasks (TableI). To ensureconfidencelimits for the
predictionsof UNSAT-H,suchmeteorologicalsubsetswill be required.

Also, if data from Task 10 do not projectspecificparameterssuch as
maximumstorm events,a statisticalstudywill have to be undertakento obtain
the needed parametersusing techniquessuch as those describedby Nyhan et al.
(1989),Balleriniand Waylen (1989),Gumbel (1954),and Kinnison (1985).

2.10.3 Required Inputs and Expected Outputs

Input includes the results of Task 10 and the climate data needs from
Task 1, Table 1, and the output is the specific parameter needed in the form
that can be used by the task requiring them.

" 2.11 TASK12: IDENTIFICATIONOF SPATIALANALOGSOF VEGETATION
RESPONSETO PROOECTEDCLIMATES

2.11.1 Purpose

The NaturalAnalogsStudiesof the BarriersDevelopmentProgramincludes
a study of the effectsof differentvegetationtypes likelyto developon
barriersunder the extremesof climatecharacterizedby the this study plan.
Task 12 will providethe criteria,in terms of climaticconditionsand plant
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communitycomposition,that will be used to selectvegetationanalogsites.
Further,as discussedin Section2.2.1,this is a study that may have to be
undertakenbeforethe final projectionof climatesis made.

2.11.2 Methods

Two possible approaches will be used to select spatial analogs of
possible future vegetation communities. These sites will be studied
intensively, data to be collected include a community description, rooting
characteristics, evapotranspiration, and soil water balance on an annual
scale. The first approach will use the results from Tasks 7 and 10 to
identify, in the greatest possible detail, the vegetation communities and
climaticpatternsfor five past extremeclimaticperiodsidentifiedfor study.
However,as discussed,these studiesmay have to be undertakenbeforethe
final characterizationof these five and the projectionof futureclimate
statesare made. In this case, there will have to be some initialestimates
made using the best availableinformationabout possiblefutureclimatic
conditions. Once this is done, much of the focus of the climatesstudieswill
be focusedon increasingthe confidenceconcerningthe initialestimates. For
instance,an analoglocationthat has three times the annualprecipitationof
the HanfordSite may be selectedas one of the sites for intensivestudy. In
this case, the study effortswill be focusedon providinga defensible
justificationfor selectinga three-times-annual-precipitationanalogsite,
ratherthan a four-times-annual-precipitationanalog site. The later efforts
would serve a confirmatoryrole for the early estimates. However,if new
informationindicatesthat the four-timesannualsite would have been a better
effort,it may have to be modeledusing the three-timesannual site as a
guide.

lt is possiblethat for futureclimatescenariosbased on GCMs, no
vegetationcommunitydata may be available. For past scenariosincluding
vegetationcommunitieswith knownmodern analogcommunities,analogsites will
be chosen using maps of modern steppevegetationtypes in the Northwest(as in
Daubenmire1970) or othersfartherafield. An effortwill be made to select
analogsites with climatesmost closelyapproximatingthose that have been
reconstructedby paleoclimatetasks. For all other climatescenarios,
localitieswill be sought that have the same or similarclimateto those that
are reconstructedor modeled. Climatestatisticsfrom the U.S. Weather
Servicewill be used in this endeavor. At least four alternativesites will
be identifiedfor each climatescenariofromwhich study sites can be
selected.

2.11.3 Required Inputs and Expected Outputs

Requiredinputwill includethe climaticand past vegetationscenarios
generatedby other tasks of this study,plant communitymaps for the Northwest
region,and climatestatisticspublishedby the United StatesGovernment.
Outputwill be a selectionof analogsites to be studiedin greaterdetail.
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2.12 TASK 13: INPUT CLIMATICDATA TO BARRIER
PERFORMANCEASSESSMENT

The purposeof this task is to meet the objectivesspecifiedin
Section1.3, which includethe following.

• Use the past climate,currentmeteorologicalconditions,and modeled
futureglobalchangesto projectthat future climaticvariabilityin

• the Pasco Basin for the next 1,000to 10,000yr.

• Provideinformationthat pertainsto the effectsof climaticchange
• on the disposalof wastes at the HanfordSite to the other

componentsof the ProtectiveBarrierDevelopmentProgramso the
final designmeets regulatoryrequirementsand performancestandards
(as they currentlyexist or as they evolve)•

• Provideinformationthat will be used to test the long-term
performanceof the barrierto confirmits effectivenessin
minimizingdrainagethat ultimatelycould lead to movementof
radionuclidesto the accessibleenvironment.

To meet these objectives,close cooperationand coordinationis necessary
so that the needed informationwill be providedto all other barriertasks in
a timely manner• In some cases this will includeearly climaticparameter
estimates,with much of the subsequentwork servinga confirmatoryrole for
those estimates•

3.0 COST ESTIMATES,SCHEDULE,AND MILESTONES

The schedulefor this study plan is designedto cover 5 yr. The
estimateddollar figuresare programmaticdollars(shownin thousandsof
dollars)and do not includeescalationand contingency(seeTables 2, 3, and
4). The estimatedbudget is providedas a strawmanthat shows the first cut
at a scheduleand cost estimates. The budgetis based partlyon the estimates
developedwith the BWIP climateprogram• The level of fundingwith the years
of fundingprovidea rough timelinefor the scheduleand sequencingof tasks.
One new task not discussedpreviouslyis listed in the followingtables: "0.
Task Administration."This categoryis includedto cover the expensesand
time associatedwith such items as completingthe peer review,writingthe
Statementsof Work, writingand updatingthe study plan, preparingfor and

. attendingBarrierTeam meetings,and any a numberof other miscellaneous
activitiesthat do not fit in the other categories.

• The milestoneslistedbelow could apply to any one of the tasks. The
date associatedwith any one milestoneas it is appliedto a specifictask
still must be worked out either in a specifictechnicalwork plan or work
order. In addition,an overalltimelinethat coordinatesthe pointsof
integrationbetweentasks needs to be developed.
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Table 2. WestinghouseHanfordCompanyProgrammaticCost Estimates
($1,OOOs).

Task Name Year 1 Year 2 Year 3 Year 4 Year 5 Total

O. Task Administration 10.0 10.0 5.0 5.0 5.0 35.0

1. Identification of Climatic 5.4 5.4
Data Needs

2.1 Modern Climatic Patterns 32.4 32.4

2.2 Holocene Paleoctimate 0.0
Literature

2.3 Late Quaternary Literature 16.2 32.4 48.6

2.4 Flood Records 0.0

2.5 Global Climate Modeling 10.8 10.8 32.4 54.0

3.1 Scabtands Pollen Site Transect 0.0

3.2 Futt Glacial Pollen Study 51.8 82.7 134.5

4.1 Fluvial Indicators 0.0

4.2 Episodic Groundwater Recharge 0.0
, ,

5.1 Studies of Eolian Processes 0.0

5.2 Faunal Indicators 0.0

6. Past Climate/Vegetation 5.4 10.8 16.2
Variations

7. Future Climate/Vegetation 5.4 10.8 16.2
Projections

8. Local Climate Forecast Model 0.0

9, Model Calibration and 0.0
Validation

10. Projection of Future CLimates 43.6 43.6 43.4 59.6 43.4 233.6
,

11. Generation of Weather 0,0
Statistics

12. Identification of Future 0,0
Spatial Analogs

13. Input to Barrier Performance 16.2 16.2 32.4
Assessment

Total 181.0 201.1 80.8 80.8 64.6 608.3

5O



J

.,.WHC-EP-0569,Rev. I

Table 3. PacificNorthwestLaboratoryProgrammaticCost Estimates
($IOOOs).

Task Name Year 1 Year 2 Year 3 Year 4 Year 5 Total

O. Task Administration 26.9 26.9 20.2 13.5 6.7 94.2

1. Identification of CLimatic 13.5 13.5
Data Needs

2.1 Modern CLimatic Patterns 0.0

2.2 HoLocenePateoctimate 13.5 13.5
Literature

2.3 Late Quaternary Literature 16.1 16.1 32.2

2.4 FLoodRecords 33.6 40.4 20.2 94.2
, ,,

2.5 GLobaL Climate ModeLing 2.7 2.7 10.8 16.2

3.1 Scabtands Patten Site Transect 46.5 51.8 98.3

3.2 FuLL GLaciaL PoLLenStudy 0.0

4,1 FLuviaL Indicators 74.0 20.2 94.2

4.2 Episodic Groundwater Recharge 53.8 87.4 87.4 228.6

5.1 Studies of EoLian Processes 51.8 51.8 10].6

5.2 Faunal Indicators 53.6 74.0 40.4 148.0

6. Past CLimate/Vegetation 6.7 13.5 20,2
Variations

7. Future Climate/Vegetation 6.7 6.7 13.5 26,9
Projections

8. Local CLimate Forecast Model 40.4 26.9 67.3

9. Model CaLibration and 6.7 20.2 26.9
VaLidation

10. Projection of Future CLimates 47.1 20.2 67.3

11. Generation of Weather 40.4 40.4
Statistics

12. Identificationof Future 40.4 40.4
SpatialAnaLogs

13. Input to BarrierPerformance 40.4 40.4 80.8
Assessment

Total 359.3 391.4 374.2 134.7 47.1 1,306.7
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Table 4. Total ProgrammaticCost Estimates($I,000s).
,,

Task Name Year 1 Year 2 Year 3 Year 4 Year 5 Total
i

O. Task Administration 80.5 80.5 68.6 61.9 55.1 346.6
.... ,,

1. Identification of CLimatic 18.9 18.9
Data Needs

2.1 Modern Climatic Patterns 32.4 32.4

2.2 Holocene Pateoctimate 13.5 13.5 ,
Literature

2.3 Late Quaternary Literature 32.4 48.5 80.9
iii ii iii i,|l

2.4 Flood Records 33.6 40.4 20.2 94.2 "
i

2.5 Gtobat Climate Modettng 13.5 13.5 43.2 70.2

3.1 Scabtends Potten Site 46.5 51.8 98.3
Transect

3.2 Full Glacial Pollen Study 51.8 82.7 134.5

4.1 FLuvial Indicators 76.0 20.2 94.2

4.2 Episodic Groundwater Recharge 53.8 87.6 87.4 228.6
, ,,, ,,

5.1 Studies of Eolian Processes 51.8 51.8 103.6
i

5.2 Faunal Indicators 33.6 74.0 40.4 148.0

6. Past Ctimate/Vegetation 12.1 24.3 36,4
Variations

i ,, ,

7. Future Climate/Vegetation 12.1 17.5 13.5 43.1
Projections

8. Local Ctin_ate Forecast Model 40,4 26.9 67,3

9. Model Calibration and 6.7 20.2 26.9
Validation

10. Projection of Future CLimates 47.1 36.4 83.5

11. Generation of Weather 40.4 40.4
Statistics

12. Identification of Future 40.4 40.4
Spatial Analogs

13. Input to Barrier Performance 56.6 56.6 113.2
Assessment

,,

Total 540.4 592.5 455.0 215.5 111.7 1,915.1
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This documentalso has been designedto be modularto allow scalingto
meet specificneeds. LikeAdams and Wing (1986),this documentis expectedto
be supplementas the needs for climatetasks evolve or futurefundinglevels
becomemore concrete, lt also can providethe basis for developingclimate
studiesfor other applicationsthat might have need such as the Grouted
Double-ShellTank Waste Disposalat the HanfordSite or the implementationof
DOE-RLOrder 5820.2A(DOE-RL1990) that specifiesclimatechangesshouldbe
considered("SiteSpecificRadiologicalPerformanceAssessment").

MILESTONES

The followingare milestonesfor the project:

I. Work Plans/CostPlans/Statementsof Work for contracts,completedas
appropriate

2. Initiationof studies

3. Annual statusreports

4. Data for climaticmodel verification

5. Field studiesand samplecollectioncompletion

6. Data analysiscompletion;availabilityof data to test climatic
models

7. Draft Reportssubmittal

8. Final Reportssubmittal.

4.0 QUALITYASSURANCE

All work and deliverablesto be performedunder this study plan must
complywith the followingrequirementsfor the documentationand traceability
of projectrecords.

• ProjectFilesmust containa TechnicalWork Plan that outlinesthe
specificwork to be accomplished,the methodsand proceduresto be

• used, and the identityand qualificationof all major participants.

• All projectwork must be documentedto producecompleteand
• traceabledata or information.Originaldata or informationmust be

treatedas evidenceto provideQA-defensiblework.

• Final projectdata or informationmust be complete,clearlylegib'le,
and readilytraceablethroughintermediaryinformationto the
originaldata.
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• The identity, qualifications, and contribution of all researchers
must be traceable through project records.

• If the original data or information are entered into a computer, a
printout may serve as the original record.

• Original data or information generated by the project must be
retained and accounted for in a systematic manner.

• All sources of Information must be identified and complete
references maintained.

• All verifiable items will be verified through the use of one or a
combination of the six following verification methods:

- Alternate calculations
- Alternate tests
- Controlled notebook review
- Data evaluation report review
- Peer review
- Technical document review.
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