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“ To enterGreaterAntarctica is to bedrawninto a slowmaelstrom

of ice. Ice is thebeginningof Antarcticaandice is its end.Asonemoves

from perimeterto interior, the proportion of ice relentlesslyincreases.

Ice createsmore ice, andice definesice. Everythingelseis suppressed.

This is a world derivedfroma singlesubstance, water, in a singlecrys-

talline state, snow, transformedinto a lithosphere composedof a single

mineral, ice. This is earthscapetransfigured into icescape. Here is a

world informedby ice: ice that weldstogethera continent:ice on such

a scalethat it shapesand definesitself: ice that is both substanceand

style: ice that is bothlandscapeandallegory. ”

— StephenJ.Pyne,TheIce, a journey to Antarctica.

“ IJs is grààgijs hoewel hetveroordeeldis te blijven waar hetzich

bevindt. Het is alsdedoodvoorsmelten,wantsmeltendoetpijn. Alshet

begint tedooien,hoor je hetgrienen,endaarnazelfsknarsetanden,ook

al verkrijgt heter devrijheid vanwaterdoor. ”

— WaltervandeBroeck,Geklevennahetbal.

“ Whenyoumeasure whatyouare speakingaboutandexpressit in

numbers,youknowsomethingaboutit, but whenyoucannotexpressit in

numbers your knowledge aboutis of a meagre andunsatisfactorykind.

”

— William ThomsonLord Kelvin.

“ It is a capitalmistake to theorizebeforeonehasdata.”

— Sir Arthur ConanDoyle, A Scandalin Bohemia.
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Abstract

This studyaddressesthedynamicsof theAntarctic ice sheetin easternDronningMaudLand

whereit is drainedby outletglaciers– flowing throughcoastalmountainranges– andby fast-

flowing continentalicestreams.It furtherinvestigatesthelocal variationin icesheetbehaviour

in the sameareaasa responseto the climatic signalover a periodof the last 200 000 years.

Both taskswereaccomplishedby field work, satelliteremotesensingandnumericalmodelling

of theicesheetsystem.

Onthebasisof field work carriedout in collaborationwith theJapaneseAntarcticResearchEx-

pedition(JARE), andby meansof bothLandsatThematicMapperandSPOT satelliteimagery,

a qualitative andquantitative pictureof the glaciercharacteristicsandsubglacialrelief of the

centralpartof theSørRondaneareais presented.Thequantitativedataarethenusedin amodel

to simulateboththepresentandthepastglacierbehaviour.

A high resolutiontwo-dimensionaltime-dependentflowline modelwasdeveloped,taking into

accountgrounded-ice,ice-shelfandice-streammechanics,basalmotion andisostaticadjust-

ment. Furthermore,the two-dimensionaltemperaturefield is calculatedand coupledto the

ice-flow field. Themodelis numericallysolvedonafixedgrid in spaceandtimeusingthefinite

differencemethod.

An analysisof ice streamdynamicsunderdifferentbasalconditionsrevealeda thermallyreg-

ulatedcyclic behaviour, stronglyrelatedto thehydraulicconditionsat thebed. Applying this

mechanismto ShiraseGlacier, a possibleexplanationis givenfor the rapid ice sheetthinning

which is atpresentobservedin Shirasedrainagebasin.Themodellingexperimentsshowedthat

this thinning could not be solely attributedto the local imbalancedueto Holoceneice sheet

retreat.

For the paleo-reconstructionof the ice sheetin easternDronningMaud Land, the modelwas

forcedwith theclimaticsignalin thepastandeustaticsea-level variations.Theoutcomeof the

experimentswasthencomparedto glaciologicalmeasurementsandgeomorphologicalevidence

onpastglacierstandsin theSørRondane.It wasfoundthatthelocaldifferentiationin ice-sheet

responseis primarily relatedto thesensitive interplaybetweensurfaceaccumulationpatterns,
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viii ICE SHEETDYNAMICS IN DRONNING MAUD LAND

thermomechanicalpropertiesof theicesheetandbedrockroughness.In particularthepresence

of asubglacialcoastalmountainrangeinfluencesto a largeextentthedynamicsof theicesheet

andits responseto climaticchanges.



Part I

Ice SheetDynamicsin eastern Dronning

Maud Land, Antar ctica:

General Intr oduction

1





1

Historical background

Antarcticahaslong beenknown as“having to bethere”at thefar reachesof theearth,without

any substantialproof for its existence.Inventedby Ptolemyin his questfor symmetry, Terra

Australis Incognitaextendedby the mid sixteenthcenturyas far asTierra del Fuego (South

America)andencompassedthewholeof AustraliaandNew Zealand.With thediscoveryof the

Drake Passagein 1577the edgesof the unknown land on world mapswerepatientlynibbled

off in thefollowing centuries.This periodcameto anendwhenJamesCook,with thevessels

ResolutionandAdventure,circumnavigatedthe continent(1772-1775),therebycrossingthe

polarcircle on severaloccasions.He never sightedland,but considerablyreducedthesizeof

TerraAustralis Incognita. Boorstin (1983) thereforelabelledhim “the exponentof negative

discovery”. It wasnot until thefirst half of thenineteenthcenturythat themythicalcontinent

revealeditself. The carefuldescriptiongiven in Bellingshausen’s accountseemsto convince

readersthathesightedtheedgeof thecontinentalshelf in 1820(Fogg,1992).Up to thattime,

nobodyhadseenanice shelfandBellingshausendid notknow its nature.

Sciencealways playeda part in thoseearly polar expeditions. On his circumpolarventure,

Cook took a naturaliston board. Going placesmeantdiscovery; a new geography, new cul-

turesandnew animalandplantspecies.Expeditionsthatfollowed– Wilkes,Dumontd’Urville,

Ross– werealsoto acertainextentscientificin nature.Althoughscientificsocietieswerecon-

sultedabouttheprogrammes,theexecutionof thesciencewasdirectedby naval officers(Fogg,

1992).ThispicturegraduallychangedafterthesixthInternationalGeographicalCongress,held

in Londonin 1895. In relationto Antarcticscienceit wasagreedthat “the explorationof the

Antarcticregionis thegreatestpieceof geographicalexplorationstill to beundertaken” and“in

view of theadditionsto knowledgein almosteverybranchof sciencewhichwould resultfrom

sucha scientificexplorationtheCongressrecommendsthat thescientificsocietiesthroughout

theworld shouldurgein whatever way seemsto themmosteffective, that this work shouldbe

undertakenbeforethecloseof thecentury.” Thefirst expeditionsto respondweretheBelgica

3



4 ICE SHEETDYNAMICS IN DRONNING MAUD LAND

expeditionof Adrien deGerlacheandtheSouthernCrossexpeditionof CarstenBorchgrevink,

who for the first time systematicallyrecordedyear-round meteorologicalobservationssouth

of theAntarcticcircle andmadenumerousgeological,glaciological,zoological,magneticand

auroralobservations.Thesetwo expeditionsgreatlystimulatedaninterestin southpolarexplo-

ration,andin 1902threenationalexpeditionswinteredin theAntarctic– anEnglishexpedition

underthecommandof R.F. Scott,aGermanoneunderthecommandof Prof. E. vonDrygalski,

anda Swedishoneled by Dr. O. Nordenskiöld.A Scottish(Bruce)anda French(Charcot)

expeditionsoonfollowed. It hadbecomerecognizedthat geographicdiscovery andscientific

explorationaredifferentandrequiredifferentkinds of expeditions. Glaciologicalresearchat

this stagewasnaturallymoredescriptive thanquantitativeor theoretical,andby thebeginning

of the twentiethcenturythegeneraloutlineof theAntarcticcontinenthadbeendelineated.It

wasapparentthat theAntarcticinterior consistedof a vastamountof snow andice. How deep

it wasandwhatthedepositionof thesupportinglandmassmightbewerequestionsthattooka

long time to answer.
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A significantturningpoint canbenoticedafter 1918whenscienceenteredthe phaseof New

Industrialism(Fogg,1992).In particular, Antarcticsciencehasbeenaffectedby thetechnolog-



I.1. HISTORICAL BACKGROUND 5

ical changesthattook place.RichardE. Byrd introducednew andindispensabletechnologyin

Antarcticexploration,suchaspoweredvessels,electricalcommunication,mechanizedsurface

transportandaircraft. Therebegan large scalediscovery andaerialmappingof the Antarc-

tic continent– andof DronningMaud Land1 in particular. In 1927, the wealthyNorwegian

whalerLarsChristensensentout thefirst of his Antarcticexpeditions.Over thenext tenyears,

Christensensponsoredninesuchexpeditions,concentratingon theareabetween20$ and45$ E,

anddiscoveredmorethan3700km of coast.In 1930,a NorwegianexpeditionunderHjalmar

Riiser-Larsendiscoveredandsurveyednew sectionsof the DronningMaud Land coast. The

first large-scalemappingin theareawasachievedduringtheGermanSchwabenlandexpedition

underCaptainAlfred Ritscher, just beforeWorld War II began. Making useof two airplanes,

theexpeditionsystematicallyphotographedanareaof 250000km2 between10$ W and20$ E.

They werethefirst to usephotogrammetryfor mappingin theAntarctic(Fogg,1992).A num-

berof new mountainswerediscovered,includinga chainof high peaksextendingfrom 71$ S
to 73$ S. Immediatelyafter theSecondWorld War, theUS Navy cameup with a bold ideain-

volving 13 ships,23 aircraft andover 4700men,primarily with the purposeof a testingand

training exercise. OperationHighjump (1946)successfullyphotographednearly3.9 million

km2 of Antarctica,alsocoveringasubstantialpartof DronningMaudLand.

Exceptfor the fact that fewer blank spaceswereleft on the map, from a glaciologicalview-

point little hadchanged.Theoreticalglaciologyonly emergedaftertheSecondWorld War and

stronglyinfluencedthe Norwegian–British–Swedishexpeditionof 1949-52.This wasthebe-

ginningof modernAntarcticglaciology. During this expeditionthefirst detailedsoundingsin

theinteriorweremade.Thetraversewas650km in lengththroughthemountainsof Dronning

MaudLandonto thecentralplateau(Robin,1953).Theicewasfoundto beupto 2400m thick,

with theunderlyingrocksurfaceonly a few hundredmetersabovesealevel and,in places,well

below it. Furthermore,they recoveredthefirst significantAntarcticicecorefrom theMaudheim

ice shelfusingmodifiedrock-drilling equipment(Fogg,1992). Ice physicsbeganto make an

impacton Antarcticglaciologywith the introductionof Glen’s flow law (Glen,1955),stating

a simplepower relationshipbetweenstressandstrainratesandbeingparticularlyusefulin the

analysisof glaciermovement.Thebehaviour of ice is neitherpurelyviscousnorpurelyplastic,

andNye (1959)proposedthat the Antarctic ice sheetmovesmoreor lessasa sliding block,

with internaldeformationconcentratedin thebasallayersof theicemass.

TheInternationalGeophysicalYear(IGY) beganin 1957andmeanta break-throughfor inter-

nationalcooperationandmassive scientificinterestin theAntarctic. Most stationserectedon

the Antarcticcontinentarestill operatingtoday, thusensuringa continuousdatacaptureover

thewholeof Antarctica.DuringtheIGY, two winteringbaseswereestablishedin easternDron-

1DronningMaudLand– namedafterQueenMaudof Norway– is thatareaof theAntarcticcomprisedbetween

20% W and45% E (Fig. 1.1).Bothnorthernandsouthernlimit arenotdefined.
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ning MaudLand,i.e. theBelgianRoi Baudouinbase(closedin 1967)andtheJapaneseSyowa

Station(still active today).Despitetheseefforts,scientificresearchin Antarcticais eventoday,

oftenlimited by logisticcosts,andremainsdifficult owing to theharshpolarenvironment.The

monitoringof icesheetsfrom spacehasopenedupanew eraof icesheetresearch.Bindschadler

(1998)summarizesthe adventof this new tool in polarglaciologyasfollows: “Scientistsus-

ing satellitemeasurementscanstudyviolent weatherwithout enduringit, cancontinuemea-

surementsthroughthemonths-longcloakof darkness,andcanevenusetreacherouscrevasses

without risk to betterunderstandthepolarregionsfrom thecomfortof theirhomeinstitutions”.

Thesamegoesfor thenumericalmodellingof iceflow; boththequantityof new dataavailable

on thepresentice massandits history, andthedevelopmentsin computertechnologyconvert

large-to medium-scalesimulationof icesheetbehaviour into animportanttool for interpreting

pastandpresenticedynamics.

However, despiteall efforts andevolutionsin technologyandscience,the Antarctic ice sheet

largely remainsunexplored.Therearestill placesunseenandunmeasuredandthereexist many

gapsin ourunderstandingof theicesheet’s behaviour within theglobalenvironment.Thisdis-

sertationformsjusta tiny piecein thegiantjigsaw puzzleof Antarcticknowledge.It comprises

a collection of six scientificpaperson ice-sheetdynamicsin easternDronningMaud Land.

They coversubjectssuchasdatacollectionandanalysis,satelliteremotesensingandnumerical

ice-sheetmodelling.Thepapersarereprintedhereasthey arepublished,i.e. withoutalterations

or correctionsto thepublishedmanuscript.



2

The Antar ctic dichotomy

Antarcticais a continentof superlativesandrecords.It is thecoldest,driestandwindiestplace

on earth,the highestcontinentcontainingthe largest,thickestandprobablyoldestice mass.

Hence,theAntarctic ice sheetplaysa majorrole in theearth’s environmentalsystem.It influ-

encesto a largeextenttheearthradiationbudgetandmajorenergy transports.

Both from a geologicalandglaciologicalviewpoint,Antarcticacanbedividedinto two areas,

separatedby theTransantarcticMountains(Fig. 1.1).Thelargestandgeologicallyoldestpartis

EastAntarctica.Its counterpartis WestAntarctica,which is smallerin sizeandis mainlycom-

posedof youngerrocks.Largepartsof boththeEastandWestAntarcticbedrocklie at present

below sealevel. However, if all the ice wereto be removed, the EastAntarcticcratonwould

rise well above sealevel, owing to isostaticadjustment,while WestAntarcticawould largely

remainsubmerged. This differencein ice sheetsizeandbedrockelevation largely reflectsthe

dichotomyin icesheetbehaviour.

2.1 The WestAntar ctic icesheet

For several decadesnow, scientistshave shown a keeninterestin the behaviour of the West

Antarctic ice sheet. Unlike its EastAntarctic counterpart(seebelow) the WestAntarctic ice

sheetis believedto beinherentlyunstable.Sincemostof thebedrocklieswell below sealevel1,

it is surroundedby floatingice shelvesalongwhich mostof the ice dischargeoccurs.In view

of aclimaticwarming,theiceshelvescouldbecomesubjectto anincreasedbottomandsurface

melting,hencebecomingthinner, andmaylosecontactwith pinningpoints. This might result

in a decreasein backstress(exertedby pinningpointsandice rises)leadingto an increasein

1Suchanicesheetis calleda marineicesheet

7



8 ICE SHEETDYNAMICS IN DRONNING MAUD LAND

ice dischargeandeventuallya (partial)disintegrationor collapseof the ice sheet.An increase

in sealevel dueto climatic warmingmight even acceleratethis processby causinga general

groundingline2 retreat.Satelliteradarmeasurements,for instance,showedthatthehinge-line3

positionof thePineIslandGlacierretreatedrapidly, by morethan1 kilometerperyear, between

1992to 1996(Rignot,1998). The retreatis likely to have beencausedby an influx of warm

seawaterwhichenhancedmeltingat thebaseof theglacier.

Anotherscenarioto destabilizetheWestAntarcticicesheetis by creepinstability(Clarkeetal.,

1977). Climatewarmingcausesan increasein ice deformationrates,resultingin an increase

in strainheatingand thus in ice temperature,which will further increasedeformationrates.

This givesrise to a positive feedbackleadingto a runaway of ice. However, asHuybrechts

andOerlemans(1988)havedemonstrated,horizontaladvection– whichwasdisregardedin the

above analysis– might counterbalancetheeffect of ice temperatureincrease,sothat thecreep

instability is unlikely to occur.

Theabove two analysesarebasedon simplemodelsof a marineice sheetthatdid not include

fast-flowing, wet-basedice streams,whicharenow known to dominatethegroundedice sheet.

How theseicestreamsaffectthestabilityof theWestAntarcticicesheetis still uncertain,but re-

centtheoreticalwork tendto supporttheideaof stabilityasopposedto instability(vanderVeen,

1985;Hindmarsh,1993;Hindmarsh,1996;Bentley, 1997;Bentley, 1998b). Ice streamsmay

supplyice to thegroundingline fastenoughto preventgrounding-lineretreat(Bentley, 1998a).

Accordingto Bell et al. (1998)andAnandakrishnanet al. (1998)ice streamdevelopmentis to

a largeextentcontrolledby thesubglacialgeology. Theunderlyingsedimentaryrocksarethe

sourceof thelubricatinglayerof dilutedsedimentbeneaththeice. An icestreamcanonly exist

wherethesedimentaryrocksarethick enoughto ensurea long-termsupplyof dilatedsediment.

Theimpactof globalwarmingcouldbeexpectedto causelargedecreasein iceshelvesbut have

– accordingto modelexperimentsincluding basalmeltingbeneathice shelves– little impact

on thegrounded-icevolumeor sealevel over theshortertermof about100years(Buddet al.,

1994).

With regard to the late Pleistocenehistory of the WestAntarctic ice sheet,we are alsostill

far from reachinga consensus.Accordingto Schereret al. (1998)the occurrenceof young

diatomsandhighconcentrationsof beryllium-10beneathgroundediceatIceStreamB indicates

that the RossEmbaymentwasan openmarineenvironmentafter a late Pleistocenecollapse

of the marineice sheet. Model experimentsof MacAyeal (1992) confirm the possibility of

sporadiccollapseof theicesheetduringthepastmillion years,althoughmodellingexperiments

do not point to a collapseof theentireWestAntarcticice sheetfollowing a glacial-interglacial

2Thegroundingline is theboundarybetweenthegroundedice sheet(restingon thebedrock)andtheiceshelf

(floatingon theseawater).
3Thehingeline marksthelimit of tidal flexing of theglacier
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transition,nor dueto an enhancedwarmingand/ormelting (Huybrechts,1990b;Huybrechts

andOerlemans,1990;Buddetal., 1994).

2.2 The EastAntar ctic icesheet

The EastAntarctic ice sheetis generallyregardedas a morestablefeaturecomparedto the

WestAntarctic ice sheet.Local glaciation(glaciersandice caps)originally developedon the

highersurfacesof the EastAntarcticcratonprobablyaroundthe Eocene-Oligoceneboundary

(37.5Ma BP). By thebeginningof theMiocene,Antarcticawascompletelyisolatedwith the

developmentof circumpolarcurrents,andthepresentgeographyof thecontinentwasin place.

A largeincreasein icecoverataround15Ma BP canbeobservedfrom globalproxydata(Miller

etal., 1987).FromtheLateMioceneuntil theendof thePleistocene,theEastAntarcticicesheet

did not remainconstantin sizeandwasatmany timeslargerthanit is now. However, thereare

differentviews asto how theice sheetbehavedduringthePliocene,a periodcharacterizedby

temperaturesa few degreeshigherthantoday(KennettandHodell, 1993). Thedifferencesin

viewsarerelatedto thediscoveryof marinediatomsandin situ fossil terrestrialplantsin thick

sequencesof glacialsedimentsathighelevation(Webbetal., 1984;WebbandHarwood,1991).

Theseobservationsled to thehypothesisof WebbandHarwood(1991)thata numberof major

fluctuationsof theEastAntarctic ice sheetoccurredduringthe latePliocene.Contraryto this

view standsthe“stableice-sheet”hypothesisof Dentonetal. (1984)andDentonet al. (1993).

Basingtheirideasongeomorphologicalandglacial-geologicalobservationstheseauthorsfound

ampleevidenceof prolongedcolddesertconditionsin ice freeareas,suchastheDry Valleys in

theTransantarcticMountains.Numericalmodellingexperimentsof theAntarcticicesheetalso

confirmthestabilistview (Huybrechts,1993),i.e. thataconsiderablewarmingseemsnecessary

to disintegratethe EastAntarctic ice sheet.Regardingthe presenceof marinediatomsin the

SiriusFormation,someauthorsbelieve that thesearecarriedthroughtheatmospherefrom the

Antarctic margin andbeyond, asseveral speciesof both marineandterrestrialdiatomswere

detectedin snow from theinlandicesheet(KelloggandKellogg,1996).

Thecyclic patternof globalicevolumechangethroughtheQuaternaryis well establishedfrom

deep-searecords,but it remainsdifficult to infer from thesedataalonethe variationsin size

of theAntarctic ice sheet,becauseof thedominanceof NorthernHemisphereice sheetsin the

variationof LateQuaternaryicevolume.Theclimatichistoryfor theAntarcticregionhasbeen

successfullyextractedthroughice core studies. Deepice coresat Vostok Stationprovide a

continuousrecordof pasttemperaturechangesover the last400000years(Petitet al., 1997).

An ice coredrilled at DomeFuji, covering at leastthe last 350 000 years,seemsin overall

agreementwith theVostokresults(O. Watanabe,personalcommunication).Quaternaryglacial
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history is also recordedin sequencesdepositedon the Antarctic shelf, slopeand rise. The

EastAntarctic ice sheetmargin reachedthe continentalshelf breakat PrydzBay during the

Last Glacial Maximum(LGM; Domacket al., 1991),but groundedice did not reachthat far

at mostotherplaces,even in the RossSeasector(Andersonet al., 1992),asis confirmedby

modelling results(Huybrechts,1990b). In the Sør RondaneMountains,a coastalmountain

rangein Dronning Maud Land, the LGM ice surfacewas only a few metershigher than at

present(Moriwaki etal., 1992).

Ice sheetmodelshave now reacheda stageof developmentwherethey canbe usedto place

reasonablelimits on the size and time scaleof ice sheetsand glaciersgiven environmental

conditions.They arethusof help to reconstructthe glacial history from geologicalevidence,

which is by its naturefragmentary.



3

A Dronning Maud Land perspective

3.1 Aims and methods

This studyhastwo majoraims. Its first aim is to understandthepresent-dayice-sheetdynam-

ics in EastAntarctic coastalareaswhereboth “slow” and“f ast” ice flow occur. The “slow”

groundedice flow is basicallygovernedby shearingcloseto thebedandformsthemostcom-

monice deformationtypeof theEastAntarcticice sheet.However, whentheice-sheetmargin

terminatesat theseain theform of a floatingice shelf,a transitionzonecanbedefinedwhere

theice-sheetdynamics(shearing)graduallyevolvetowardsice-shelfdynamics(stretching).For

mostof theEastAntarcticcoastalice sheet,this transitionzoneis very small (of thesameor-

derof magnitudeastheice thickness),sothatgrounding-linedynamicsarethusonly governed

by ice-sheetdynamics(Hindmarsh,1993). In someplaces,theEastAntarctic ice sheetis not

drainedalongsuchmargins but throughfast-flowing outlet glaciersor ice streams.They are

characterizedby largebasalvelocities,relatively smallsurfaceslopesanda low basaltraction.

Theinternalicedynamicsinvolvenotonly shearingat thebed,but alsolongitudinalstretching.

In many casesthey lie in atectonictrench.Examplesof suchcontinentalicestreamsareShirase

GlacierandJutulstraumenin DronningMaudLand.

Not only thesefast-flowing ice streamsseemconstrainedby thelocal bedrocktopography;the

“slow” ice sheetflow is to a large extent influencedby the geologicalconfigurationaswell.

The presenceof a mountainbelt surroundingthe EastAntarctic continenthasan important

impacton the EastAntarctic ice-sheetdynamics,especiallyin stabilizingthe ice sheet. The

studyof thedynamicbehaviour of outletglaciersthatcut throughthesemountainrangesaids

in understandingthepreciseroleof suchmountainrangeswithin theoverallAntarcticice-sheet

dynamics.

Thesecondaim of this studyis to reconstructthe late-Pleistoceneglacial historyof ice-sheet

11
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Figure3.1: Reconstructingtheglacial historyof theAntarctic icesheet

variationsin accordancewith glacial-geologicalfindings.Reconstructingthegrowth anddecay

of theAntarcticice sheetin responseto theclimaticsignalremainsoneof themainchallenges

to the earthsciencecommunityandcanbe consideredasa key issuefor understandingpast

andfuture global change.Field evidencefor this purposecomesfrom two differentsources

(Fig. 3.1).Thefirst sourceconsistsof thepureclimaticevidence,providedby theglaciological

communityandobtainedmainly by meansof ice coredrilling nearthe centerof the ice cap.

This dataprovidesusessentiallywith variationsin temperature,accumulationrate,air andice

compositionin thetimedomain.Thesecondsourceis providedby theearthsciencecommunity

andencompassesthegeologicalevidence,offshoremainlyby seismicstratigraphyandonshore

by geomorphologicalevidencein the ice-freeareassuchasthecoastaloasisandthemarginal

mountainranges.Suchdataindicatesthespatialvariationsof theice sheetbothin altitudeand

extent,andtime variationscanalsobeinferred.However, theproxy recordof onshoreglacial-

geologicalobservationsshows former higher glacierstandsonly, sincesignsof lower glacier

standsareobliteratedby thepresenticecover.

Climatic change,asrecordedin ice-coredata,andglacialgeologyarenot linearly linked. The
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glacieror ice sheettranslatesthe climatic signal to glacial-geologicalevidence. Interactions

of the ice sheetwith theocean,basalmechanicsandinternalice dynamicsaddcomplexity to

this relationship. High resolutionnumericalmodellinghasthe potentialof providing physi-

cally soundconstraintsfor the deductionof ice-sheetvariations.Basedon geomorphological

evidenceof formerglacierstandsin marginalmountainranges,thisstudyaimsat(i) reconstruct-

ing a detailedhistoryof glaciervariationsin time and(ii) determiningdecisive ice dynamical

processesandclimaticconditionsresponsiblefor formerglaciations.

Themethodsthatwereusedto achieve thesegoalsare:

1. Datacollectionin the field, i.e. measuringice thicknessesby radio-echosoundingand

gravimetric survey anddeterminingsurfacevelocitiesandlocal accumulationandabla-

tion ratesby remeasuringthe positionof stakeson outlet and local glaciersin the Sør

RondaneMountains,DronningMaudLand,Antarctica.

2. Mappingof thesubglacialtopographyin thecentralSørRondaneMountains.

3. Morphometricanalysisof measuredglacial crossprofiles in the centralSør Rondane

Mountains.

4. Spectralanalysisof LandsatThematicMapperandSPOT imageryfor studyingthesnow

andicesurfacecharacteristics.

5. Determinationof changein blueiceextentasaclimaticchangeindicatorin theSørRon-

daneMountainsby multispectralandmultitemporalanalysisof SPOT imagery.

6. Developmentof ahigh-resolutionnumericalflowlinemodeltosimulatein atime-dependency

theice flow of outletglaciersandice streams,therebytakinginto accountthephysicsat

theicesheetbase(basalmotion)andin thegroundingzone(transitionbetweengrounded

ice-sheetflow andice-shelfflow).

7. Data collection and samplingof ice thickness,surfaceand bedrockelevation, surface

accumulationrate and temperaturealong several flowlines in easternDronning Maud

Landasinputdatasetsfor themodelexperiments.

8. Developmentof aforwardmodellingframework in orderto reconstructthelate-Pleistocene

glacial history of the ice sheetin easternDronning Maud Land in concordancewith

presentglaciologicalobservationsandglacial-geologicalevidenceonformerglacierstands.

9. Timeseriesandfractalanalysisof theresponseof theicesheetin easternDronningMaud

Landto theclimaticsignal.
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3.2 Generalconclusions

3.2.1 Paper 1: Subglacialtopography in the SørRondane

An overview isgivenof all subglacialtopographymeasurementscarriedoutin thecentralpartof

theSørRondaneMountains.A mapof thesubglacialrelief is compiled,revealingtheoverdeep-

eningof thecentraloutletglacierswith bedrockelevationwell below sealevel.

A morphometricanalysisbasedonthecalculationof theform ratio,shapefactorandthespectral

coefficientsof thepower-law andtheparabolicequationof glacialvalley crossprofilesshowed

that the control of ice dynamicsandbedrockweatheringresistancecannotbe neglected,due

to the varietyof forms of glacial valley crosssectionsin the centralSørRondane.Neverthe-

less,following theanalysisof HiranoandAniya (1988),therelationshipbetweentheb-values

(exponentof thepower-law equationy ( y0 ) a * x ( x0 * b) andtheform ratio of thevalley cross

sectionsis in overallagreementwith theirproposedPatagonia–Antarcticamodelof crossprofile

evolution.

3.2.2 Paper 2: Satellitemonitoring of iceand snow

The useof satelliteimagesin polar regions facilitatesthe interpretationof grounddataand

extrapolationof fragmentaryfield knowledgeto muchlargercoherentareas.LandsatThematic

Mapperimageryis shown to bevery usefulin thedetectionof differencesin propertiesof the

abundantsnow cover andtheextractionof snow surfacetemperatures.Althougha largeerror

remainson theabsolutetemperaturescalculatedfrom theLandsatimagesandtheobservedair

temperaturesat the time of imageacquisition,the temperaturegradient(lapserate)seemsin

accordancewith theobservations.

Topographicmappingof glaciersurfacesin the centralSørRondanewith SPOT imageryre-

sultedin aglacial-morphologicalmapdisplayingmorphologicalfeaturesontheglaciersurface.

At severalplacesin theleesideof nunataksalayeredstructureof superimposediceis observed,

whichmight indicatetheexistenceof formermeltwaterlakes.

A multispectralandmultitemporalanalysisled to a quantificationof theextentof surfaceab-

lation areain time, which provedto bea powerful tool in analyzingglaciersurfacevariability

with respectto possibleclimaticchange.
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3.2.3 Paper 3: Modelling glacier fluctuations in the SørRondane

Basedon a simpleone-dimensionaltime-dependentflowline modelwith a simplified thermo-

mechanicalcouplingscheme,sensitivity experimentswerecarriedoutwith respectto “glacial”

environmentalconditions. In spiteof someof the approximationsinvolved, the model was

shown to be able to accountfor major characteristicsof the presentglaciergeometry. It is

foundthatlower ice temperatures,a reducedaccumulationanda dropin sea-level standcorre-

spondingto typical glacialconditionsaccountfor a 150–200m risein glacierlevel. However,

theseestimatesrelateto steady-stateconditionsandinvolveenvironmentalscenario’sof arather

schematicnature.

A comparisonwith a paleogeographicalreconstructionof a maximumglacialstagein theSør

Rondane(Hirakawaetal., 1988)revealedthatdepositswerenot from a lateQuaternaryglacia-

tion but shouldbefrom a full grown ice sheet,i.e. anearlierCenozoicglaciation.In thatcase

the groundingline reachedthe margin of the continentalshelf andhigherprecipitationrates

werethereforenecessary.

3.2.4 Paper 4: Numerical modelling of fast-flowing glaciers

Recentobservationsin Shirasedrainagebasin,show thattheicesheetis thinningataconsider-

ablerateof 1 meterperyear(Nishio et al., 1989). Surfacevelocitiesin thestreamareareach

morethan2000meterperyear(Fujii, 1981),makingShiraseGlacieroneof thefastestglaciers

of EastAntarctica.A numericalinvestigationof thepresentstressfield in ShiraseGlacierpoints

to theexistenceof alargetransitionzoneof 200km in lengthwherebothshearingandstretching

areof equalimportance,followedby a streamzoneof approximately50 km, wherestretching

is thedominantdeformationprocess.

In orderto improvetheinsightin thetransientbehaviourof fast-flowingglaciersatwo-dimensional

time-dependentflowline modelhasbeendeveloped,taking into accounttheproperice stream

physics.Both bedrockadjustmentandice temperatureis calculatedandthe temperaturefield

is fully coupledto the ice-sheetvelocity field. Experimentswere carriedout with different

basalmotionconditionsin orderto understandtheir influenceon thedynamicbehaviour of the

ice-sheetandthe ice-streamareain particular. Whenbasalmotionbecomesthedominantde-

formationprocess,a partial disintegrationof the ice sheetis counteractedby colderbasal-ice

temperaturesdueto higheradvectionrates. This givesrise to a cyclic behaviour in ice-sheet

responseandlargechangesin local imbalancevalues.
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3.2.5 Paper 5: Ice dynamicsnear Antarctic mountains

Reconstructingthe glacial history of ice-coveredareasis not an easytask. In order to im-

provetheinsightin paleogeographicalreconstructionsof theglacialhistoryof theSørRondane

Mountainsandadjacentareasanexperimentalframework – basedon time-dependentice-sheet

modelling– is developedto determinepossibleglacier transferfunctionslinking the climatic

signalto theproxyrecordof glacial-geologicalfield evidence.

Most modellingstudiesstart from a so-calledreferenceexperimentin which the ice sheetis

run in a steadystateunderpresentenvironmentalconditionsandthefreeparametersaretuned

to obtaina goodfit with theobservations.This progressively tuningresultsin only onemodel

simulationthatcloselymatchestheobservations.Consideringthefreeparameters(or boundary

conditions)to lie within certainerror boundsit is possibleto obtainseveral solutions,asthe

experimentalframework demonstrated.At leasttwo scenarioswereobtainedfor the glacial

history in the vicinity of the mountainrangeconsistentwith both glaciologicaland glacial-

geologicalobservations.Oneinterpretationis thatonlyminorglaciervariationsoccurredduring

the last 200 000 years,aswasconcludedby Moriwaki et al. (1992),andthe presentglacier

surfaceis closeto its minimum,while the otherinterpretationis that glaciervariationsareof

theorderof 60 m, but that thepresentglaciersurfaceis closeto its maximumelevationof the

last200000years.OutsidetheSørRondane,nearthe ice divide aswell asin thecoastalarea

bothscenariosarein accordandice-sheetsurfacevariationsareof theorderof 60–80m. The

maindifferencebetweenthe inlandareaandthe coastis thatnearthe ice divide the ice sheet

is at presentcloseto its maximumposition,while in thecoastalareadeglaciationis completed

andtheice-sheetsurfaceis closeto its minimum.

3.2.6 Paper 6: The variability of Antarctic ice-sheetresponse

High-resolutionnumericalmodelexperimentswerecarriedout alongtwo flowlines in Dron-

ningMaudLand,oneflowline passingthroughthecentralpartof acoastalmountainrange(Sør

Rondane)andonealonga major continentalice stream(ShiraseGlacier). The SørRondane

experimentsarethosedescribedin Section3.2.5,while the mechanismdescribedin Section

3.2.4(cyclic behaviour dueto theinteractionof thebasalhydraulicsandtheice-sheetthermo-

dynamics)is appliedto theShiraseGlacierflowline. Resultsof thelatterexperimentshow that

theobservedthinningin Shirasedrainagebasinandthelargevelocitiesin thestreamareacan

besimulatedwith thenumericalmodelandcanbeexplainedby this mechanism.Furthermore,

thereis noneedfor amassivedrainageof icein thecoastalareaof ShiraseGlacierto explainthe

largeobservedimbalancevalues,thehigh frequency of theoscillationsaccountfor this, while
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theicesheetremainsstable.Any runawayof ice is thuscounteractedby this thermomechanical

process.A marineinstability is unlikely to occursincemostof thebedrockliesabovesealevel.

Both flowline experiments(SørRondaneandShirase)displaya large differencein ice-sheet

responseto theclimatic signal. Themodelledresponsetime seriesof theseexperimentswere

analyzedby lag-correlation,rangeandfractalanalysis.It wasfoundthatthelocaldifferentiation

in ice-sheetresponseisprimarily relatedto thesensitiveinterplaybetweensurfaceaccumulation

patterns,thermomechanicalpropertiesof theicesheetandbedrockroughness.In particularthe

presenceof asubglacialcoastalmountainrange(extendingin Shirasedrainagebasin)influences

to a largeextentthedynamicsof theicesheetandits responseto climaticchanges.
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Paper 1

SubglacialTopography in the Central Sør

RondaneMountains, EastAntar ctica:

Configuration and Mor phometric Analysis

of Valley CrossProfiles.

Pattyn,F. andDecleir, H. 1995.SubglacialTopographyin theCentral SørRondaneMountains,

EastAntarctica: ConfigurationandMorphometricAnalysisof Valley CrossProfiles.Nankyoku

Shiryô,(Antarctic Record), 39 (1): 1–24

ABSTRACT. In this paperanoverview is givenof all subglacialtopographymeasure-

mentscarriedout in thecentralSørRondaneMountains.Dataof glacier-valley crossand

longitudinalprofilesweregatheredby gravimeterandradioechosoundingmeasurements

during former Belgian expeditionsand during the JapaneseAntarctic ResearchExpedi-

tionsJARE-28andJARE-32. Basedon thesedata,a mapof thesubglacialtopographyin

thecentralmountainareawascompiled.Furthermore,amethodis presentedfor analysing

the morphometriccharacteristicsof valley-glaciercrossprofiles,which is shown to give

betterresultsthanformerpower law equations.Finally, themorphometricanalysisof the

presentglacierizedvalley crossprofilesrevealeda complex developmentregime, linked

with theerosionpotentialof theglacierizedarea.
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1.1 Intr oduction

TheSørRondaneis a typical coastalmargin mountainrangein EasternDronningMaudLand,

stretchingoveradistanceof 220km in east–westdirection,situatedapproximately200km from

thecoast,with thehighestelevationbeing3000m a.s.l. (Fig. 1.1). This rangeformspartof a

chainof mountainssurroundingtheEastAntarcticcontinentfrom theBorg Massif in Western

DronningMaudLand(5+ W – 73+ S) to theYamatoMountainsin EasternDronningMaudLand

(35+ E – 72+ S), which forms the borderwith the ice sheetof EnderbyLand and the Shirase

DrainageBasin. Most of the ice flow coming from the polar plateauis drainedalongboth

sidesof theSørRondane,giving riseto two largeoutletglaciers,Hansenbreenin thewestand

Byrdbreenin theeast.A smallnumberof outletglacierscut throughtherange,all characterised

by varying ice fluxes (Gunnestadbreen,Jenningsbreen,Gjelbreen,...). From airborneradio

echosounding(Nishio andUratsuka,1991)it wasfoundthat thesubglacialtopographysouth

of themountainrangelies well above sealevel (1000to 2000m a.s.l.),while betweentheSør

Rondaneandthecoasttheicesheethasamarineconfigurationwith abedrockelevationranging

from -100to -300m a.s.l.Therefore,at thecoast,theicesheetis drainedinto awell-developed

iceshelf(Roi BaudouinIceShelf).

The first ice thicknessmeasurementsin the SørRondaneMountainswerecarriedout by Van

AutenboerandBlaiklock (1966),Van AutenboerandDecleir (1974)andVan Autenboerand

Decleir(1978).They appliedthegravimetricmethodin anapproachto estimatethetotalglacier

ice discharge throughthe range. However, dueto the closingdown of the BelgianBaseRoi

Baudouinin 1967,researchactivities in this areawereadjourned.With the establishmentof

theJapaneseAsukaStationin 1985,50km northof theSørRondaneMountains,bothairborne

andoversnow radioechosoundingsurveyswerecarriedout for thefirst timeduringtheaustral

summer1986-87,in the coastalareaandsouthof the mountainrange(Nishio andUratsuka,

1991).Also ice thicknessmeasurementswerecarriedout in thecentralmountainarea,bothby

radarandgravimetry (De VosandDecleir,1988;Decleiret al., 1989). Finally, duringJARE-

32 (australsummer1990-91)bothgravimetric measurementsandradioechosoundingsurveys

werecarriedout in thecentralSørRondaneon outletglaciersaswell ason local glaciersand

valley glaciers(Pattynet al., 1992;Pattynet al., 1993).This paperreportson theice thickness

measurementscarriedoutsofar in thecentralSørRondaneandonapreliminaryanalysisof the

subglacialtopography. A new methodfor analysingthevalley crosssectionsis alsopresented.
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Figure1.1: TopographicmapshowingtheSørRondaneMountainrange, the inland ice slope

andBreidBay.

1.2 Ice thicknessmeasurements: methodology

1.2.1 The electromagneticmethod

Theusualequipmentfor radioechosoundingof ice have beenpowerful instruments,intended

for installationin aircraftsor oversnow vehicles. However, in mountainareasand on steep
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androughglaciersurfacesneitherof theseinstrumentscanbeused.TheScottPolarResearch

InstitutedevelopedasmallRadioEchoSounderfor operationonawoodenNansensledge.Both

transmitterandreceiver, power supplyandrecordingequipmentwerefitted in onealuminium

case,allowing room for both instrumentation(including two antennas)and operatoron the

small sledge. The electromagneticsignalwas transmittedat a frequency of 160 MHz. The

performanceof thesounderwaslimited to 1000m, limiting its useto depthprofilesonsmaller

outlet glaciersandvalley glaciersin the mountainrange. For the deeperpartsof the glaciers

thegravimetric techniquewasapplied.Thegravimetric methodis alsosuccessfulon moraine

coveredice surfaces,wherethe electromagneticmethodfails andwhich are inaccessiblefor

snow sledgeor snow scooter.

1.2.2 The gravimetric method

Van AutenboerandBlaiklock (1966),VanAutenboerandDecleir (1974)andVan Autenboer

andDecleir (1978)appliedthe gravimetric methodin the SørRondanein an approachto es-

timatethe total glacierdischarge throughthe range.Also during thesummerfield seasonsof

JARE-28 (De Vos andDecleir, 1988;Decleiret al., 1989)andJARE-32 (Pattyn et al., 1992;

Pattynetal., 1993)similarmeasurementswerecarriedoutwith aWorden(JARE-28)andaLa-

Coste& Romberg (JARE-32)gravity meter. Crosssectionsof themostimportantoutletglaciers

wereconstructedusingTalwani’s method(Telfordet al., 1976)for modellingtwo-dimensional

gravity anomalies.Accordingto thismethod,theicethicknessin avalley crosssectionis calcu-

latedby aniterativeprocedurein which thecomputedgravity effectof a modelcrosssectionis

comparedwith gravity valuesmeasuredontheglaciersurface.Generallythearealintegral rep-

resentingthegravity effectof thetwo-dimensionalicemassis replacedby a line integralwhich

is thennumericallysolvedby a polygonalapproximationof theperipheryof the ice body. In

thiscasetheupperverticesof thepolygon– whichcorrespondwith thegravimeterobservation

stations– areknown,while thelowervertices– verticallybeneaththesameobservationpoints–

relateto theunknown subglacialbedrock(Fig. 1.2). It is alsopossibleto composetheunknown

icemassof asetof rectangularverticaliceprismsextendingfrom thebedrockto theicesurface.

Eachprismthenhasagravimeterstationasboundaryalongthecrossprofile (Fig. 1.2).

Thus, the gravimetric methodfor ice thicknessdetermination– unlike the electromagnetic

method– requiresdifficult modellingandis not alwaysunambiguous.Decleir et al. (1989)

presenteda comparisonbetweenradarandgravimetric soundingsof two glaciercrossprofiles.

Takingtheradarthicknessesasa standard,it appearedthat thegravity methodhighly depends

onthenumberof gravity stationsandonthemodellingprocedureemployed.They alsoinferred

anunderestimateof 10%in ice thicknessesobtainedin previousstudiesin SørRondane(Van

AutenboerandDecleir, 1974;VanAutenboerandDecleir, 1978).In thisrespect,therecommen-
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Figure1.2: Polygonalandprismapproximationof glacier crosssection.

dationsof Decleiret al. (1989)werefollowedandall gravimetersoundingsin this studywere

analysedandmodelledin thesame(unambiguous)way. In caseof sufficiently high densityof

gravity stationsthe prism methodwasused,becauseit is lessliable to instability. However,

whenonly very few gravity stationsareavailable(5 to 10) theprismmethodoverestimatesthe

ice thicknessbecauseit producesanexaggeratedverticalwall effectnearthesideof theglacier

(Decleiretal., 1989).In thatcasethepolygonalmethodwasapplied.

1.3 Subglacialmorphology in the central SørRondane

Figs.1.6 tot 1.30displayall valley crossandlongitudinalprofilesmeasuredin thecentralSør

RondaneMountains,groupedper glaciertype (outlet glaciers,local glaciers)andname. Ta-

ble1.1shows for eachprofile its majorcharacteristics,while thegeographicdistributionof the

profiles is given in Fig. 1.3. Most of the ice thicknessprofilesareglaciercrossprofiles,but

a few longitudinallineswerealsorun. Themapof thesubglacialrelief (compiledafter these

measureddata)is shown in Figs.1.4and1.5.

In the centralpart of the SørRondane,JenningsbreenandGjelbreenhave cut a 40 km long

U-shapedvalley throughthe mountainrange. At the southernentrance,the ice is funnelled

throughafairly narrow gorge(3 km wide),spilling overandcascadingdown thetroughheadto

flow northwardsin awideningvalley (10–12km wide in theexit area).

Thenorth–southlongitudinalprofilesof GjelbreenandJenningsbreenaredisplayedin Figs.1.6a

and1.6brespectively. For Jenningsbreenwe have drawn the profile alonga meridianfollow-
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Table1.1: Overview andorigin of thelongitudinalandcrossprofilesof glaciers in thecentral

SørRondaneMountains,Antarctica. References:Van Autenboer(Van AutenboerandDecleir,

1974;Van AutenboerandDecleir, 1978); JARE-28(De VosandDecleir, 1988;Decleir et al.,

1989)JARE-32(Pattynetal., 1992;Pattynetal., 1993),andunpublished.

Profile Nr. Measurement Type Source Fig.

Gjelbreen1 G1 Radar long. JARE-32 1.6a

DeBreuckbreen2 DB2 Radar long. JARE-32 1.6b

Jenningsbreen1 JB1 Gravimeter cross JARE-32 1.7

Jenningsbreen2 JB2 Gravimeter cross JARE-32 1.8

Jenningsbreen3 JB3 Gravimeter cross JARE-32 1.9

Jenningsbreen4 JB4 Gravimeter cross JARE-32 1.10

JenningsbreenCentral JC Gravimeter cross JARE-28 1.11

Jenningsbreen–EllisbreenJE Gravimeter cross VanAutenboer 1.12

GjelbreenNorth GN Gravimeter cross VanAutenboer 1.13

GjelbreenCentral GC Gravimeter cross JARE-28 1.14

GjelbreenLunckeryggen GS Gravimeter cross JARE-28 1.15

Gjelbreen2 G2 Radar cross JARE-32 1.16

Gjelbreen3 G3 Radar cross JARE-32 1.17

MefjellbreenWest MW Gravimeter cross JARE-28 1.18

MefjellbreenCentral MC Gravimeter cross JARE-28 1.19

MefjellbreenEast ME Gravimeter cross JARE-28 1.20

Nipebreen N1 Gravimeter cross VanAutenboer 1.21

DeBreuckbreen1 DB1 Radar cross JARE-32 1.22

DeBreuckbreen3 DB3 Radar cross JARE-32 ??
Goosenbreen GO1 Radar cross JARE-32 1.24

Berckmans1 BM1 Radar cross JARE-32 1.25

Berckmans2 BM2 Radar long. JARE-32 1.26

Berckmans3 BM3 Radar cross JARE-32 1.27

Pilten1 P1 Radar cross JARE-32 1.28

Pilten2 P2 Radar cross JARE-32 1.29

Pilten3 P3 Radar long. JARE-32 1.30

ing De Breuckbreen,acrossa small ridgeA andthencontinuingthe middleandupperpartof

Jenningsbreen.Both GjelbreenandJenningsbreendisplayin their upperpart(neartheice fall),

proceedingnorthwards,a rapidthickeningof theice characterisedby a steepbedrockslopeof
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Figure1.3: Detailedmapof thecentral part of theSørRondane(insetof Fig. 1.1) displaying

themainoutletglaciersandthemeasuredice thicknessprofiles.

120 m km, 1 (the “trough head”),with the bedrockdipping below sealevel some10–20km

north of the ice fall. The maps(Figs. 1.4 and1.5) underscorethe subglacialrelief asan ice

coveredfjord landscape.Thecrossprofilesof theoutletglaciersJenningsbreenandGjelbreen

(Figs.1.7–1.12and1.13–1.17)displaymostlythecharacteristicU-shapeof theicefilled valleys

oftenwith a slopebreakseparatingtheregion with presentsubaerialweatheringfrom thearea

with glacialerosion.Suchbreaksarealsoobservedin thedry valleysadjacentto Jenningsbreen

andGjelbreenrevealinga formerhigherglacierstand(e.g.HirakawaandMoriwaki, 1990).

The SørRondaneis thusdivided in a numberof massifs,separatedby the U-shapedvalleys,

creatinga complex landscape,characterisedin the first placeby selective linearerosion.The

interveningmassifson the otherhandaremarkedby small valley glaciersandlocal ice caps.

Thedominantflow directionof the largeroutletglaciersaswell asthe local valley glaciers,is

from southto north, even thoughsomedeepglaciers(NipebreenandMefjellbreen)between
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Figure1.4: LandsatThematicMappersatellite image of Jenningsbreenand De Breuckbreen

displayingsubglacialbedrock contours in m.

GjelbreenandKomsbreenflow in a markedeast–westdirection.Thecrosssectionsof Mefjell-

breen(Figs. 1.18–1.20)clearlyreveala north–southtendingsubglacialridge,linking thehigh

groundsof Mefjell (in thesouth)with theBerckmanskampenandMenipaarea(in thenorth).

Thissubglacialridgeis probablyaremnantof theridgebetweenthesouth–northflow direction

of thepresentlocalglaciersanddry valleysof Mefjell, cascadingintoGjelbreenandKomsbreen

respectively. In alaterstadium,anincreasediceflow from theeast(Byrdbreen)probablylinked
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Figure1.5: LandsatThematicMappersatelliteimageof GjelbreenandMefjellbreendisplaying

subglacialbedrock contours in m.

theeasternandwesternpartof Mefjellbreen,leadingto anundisturbedeast–westice flow.
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Figure1.6: Longitudinalprofile on Gjelbreen(a) and on Jenningsbreenand De Breuckbreen

(b).
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Figure1.7: GlaciercrossprofileJenningsbreen1 (JB1).

Figure1.8: GlaciercrossprofileJenningsbreen2 (JB2).
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Figure1.9: GlaciercrossprofileJenningsbreen3 (JB3).

Figure1.10:GlaciercrossprofileJenningsbreen4 (JB4).
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Figure1.11:GlaciercrossprofileJenningsbreenCentral (JC).

Figure1.12:GlaciercrossprofileJenningsbreenEllisbreen(JE).
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Figure1.13:GlaciercrossprofileGjelbreenNorth (GN).

Figure1.14:GlaciercrossprofileGjelbreenCentral (GC).
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Figure1.15:GlaciercrossprofileGjelbreenLunckeryggen(GS).

Figure1.16:GlaciercrossprofileGjelbreen2 (G2).
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Figure1.17:GlaciercrossprofileGjelbreen3 (G3).

Figure1.18:GlaciercrossprofileMefjellbreenWest(MW).
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Figure1.19:GlaciercrossprofileMefjellbreenCentral (MC).

Figure1.20:GlaciercrossprofileMefjellbreenEast(ME).
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Figure1.21:GlaciercrossprofileNipebreen(N1).

Figure1.22:GlaciercrossprofileDeBreuckbreen1 (DB1).
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Figure1.24:GlaciercrossprofileGoosenbreen(GO1).

Figure1.25: Glacier crossprofile Berckmans1 (BM1) of smallglacier in-betweenBerckman-

skampenandMenipa.
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Figure1.26: Longitudinalprofile Berckmans2 (BM2) of small glacier in-betweenBerckman-

skampenandMenipa.

Figure1.27: Glacier crossprofile Berckmans3 (BM3) of smallglacier in-betweenBerckman-

skampenandMenipa.
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Figure1.28:GlaciercrossprofilePilten1 (P1) of smallglacier in-betweenPiltenandBrattni-

pane.

Figure1.29:GlaciercrossprofilePilten2 (P2) of smallglacier in-betweenPiltenandBrattni-

pane.
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Figure1.30: Longitudinalprofile Pilten 3 (P3) of smallglacier in-betweenPilten andBrattni-

pane.
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1.4 Glacial valley morphometry

In orderto analysethevalley form developmentof glaciers,mathematicaltechniquesareoften

used.Theform of avalley crossprofilecanbedescribedby its form ratio(FR) andshapefactor

( f ), andby apower law equation.Theform ratio (FR) is thendefinedas:

FR - D
2W . (1.1)

with D theheightof the trimline above thedeepestpartof thevalley andW thehalf width of

thevalley. In additionto theform ratio, themorecomplicatedshapefactorcanbe introduced,

definedasthecross-sectionalarea(Ar) dividedby theheightof thetrimline above thedeepest

partof thevalley (D) multipliedby thetroughperimeter(Pe) (Nye,1965),or:

f - Ar
DPe / (1.2)

Finally, thepower law equationcanbewrittenas:

y - axb . (1.3)

describinga curve wherey is theverticalandx thehorizontaldistancefrom theorigin, placed

in thecentrallower part of the valley, to a point on the curve (Graf, 1970). Thepower curve

(Eq.1.3)canassumeawidevarietyof formsdeterminedby thevaluesgivento a andb. For b 0
1.0theresultingcurveis concaveupwardsto adegreethatincreaseswith highervaluesof b. For

b 1 1.0 thecurve will beconvex upwards.In short,thecoefficient b servesasa goodmeasure

for describingthevalley form, while theform ratio (Eq.1.1)givesacomplete,quantitativeand

dimensionlessrepresentationof thegeometryof thecrosssection.

Theuseof thepowerlaw equationenduredmuchcriticismin thelastdecade,especiallythrough

thepapersof Wheeler(1984),Harbor(1990),andHarborandWheeler(1992).Thepower law

equationis generallyobtainedthrougha linearregressionanalysisin its logarithmicform:

lny - lna 2 blnx/ (1.4)

Eq. 1.4 cannotbeusedwith negative valuesof x (horizontaldistance),sothat thecurveshave

to befitted to thetwo sidesof thevalley asseparateoperationsor thenegativex-valueshave to

bemirroredwith regardto theorigin (centralmidpointof thevalley floor). Thecurve hasalso

no turningpointandis constrainedby thezerodatumof theordinatewhich it is unableto cross
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(Wheeler,1984). Herewe arrive at the key issue,i.e. the datumproblem. Thereis no clear

definitionwhetherthevalley floor or sealevel shouldbeusedasthedatumfor thecoordinate

system.In fact,largedifferencesoccurin theb-valuewhenapplyingbothdatums,becausethe

valueof b is a functionnotonly of thecrossprofileform,but alsoof theorigin of thecoordinate

systemadoptedfor theanalysis.Furthermore,a biasis introducedby thelogarithmictransfor-

mationusedin deriving the power law equation(Eq. 1.4). HarborandWheeler(1992)show

thatobservationscloseto thecentreof thevalley exert thestrongestinfluenceontheregression

coefficients.Finally, anotherbiasis introduceddueto glacialandpost-glacialdepositsmasking

thelowerpartof theerosionalprofile. In orderto circumventtheseerrors,Wheeler(1984)pro-

posestheuseof acurvethatis itself immuneto suchconsideration.Thisrequirementis fulfilled

by thequadraticequation(in thiscaseaparabola):

y 3 P 4 Qx 4 Rx2 5 (1.5)

The curve generatedin this way is not constrainedin eitherdirectionandcanbe usedto de-

scribethe completecrosssectionwith one,symmetricalcurve. This curve canextendbelow

zero-datumalthoughits turningpoint canbeshiftedin boththex- andy-directionwith respect

to thevalley mid-point.However, theinterpretationof thecoefficientsof Eq.1.5is lessstraight-

forwardthanis thecasewith thepower law equation.Here,theshapeof thevalley crossprofile

is forcedto take the parabolicform, which is assumedto be the caseof a glacial valley. The

correlationcoefficient shouldthengivea measureof thedeviation from this idealprofile form,

from which it becomesdifficult to extractrelevantinformationconcerningthevalley shape.In

orderto overcomethesedifficultieswe optedfor a new descriptionof thepower law equation,

lessstraightforwardto solve,but moreconsistentin theanalysis.Thereforethepowerequation

(1.3) is rewritten in theform:

y 6 y0 3 a 7 x 6 x0 8 b 5 (1.6)

Whenx0 = y0 = 0, Eq. 1.6 reducesto the power law equation(Eq. 1.3) andwhenb = 2, the

parabolicform (Eq. 1.5) is obtained.Eq. 1.6 is solvedby themethodof generalleastsquares

adjustment. To assurethe symmetricalshapearoundthe centralvalley axis and to remove

domainerrorsintroducedby thepowerequation,Eq.1.6is rewrittenas:

F 3 y 6 y0 6 aexp 7 bln 9 x 6 x0 9 8 3 0 5 (1.7)

SinceEq. 1.7 is non-linearit is linearizedby meansof a Taylor expansion,wherebyonly the

first derivative termsareretained.Thegeneralsolutionthenbecomes(seefor instanceMikhail

andGracie(1981)for moredetail):
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∆ :<; BT = AQAT > ? 1B@ ? 1
BT = AQAT > ? 1 f 0 A (1.8)

with A theobservationmatrix containingthederivativesof Eq.1.7 to x andy, B thecoefficient

matrix containingthederivativesto a, x0 andy0, Q thecovariancematrix, which, for thesake

of simplicity is taken asthe unity matrix, f 0 the solutionvector, and∆ the adjustmentto the

unknown coefficientsa, x0 andy0. Introducinga first estimatefor the unknown coefficients,

Eq. 1.8 is solved iteratively until ∆ equals0. It wasfound that a convergenceof the solution

of the leastsquaresadjustmentdependedheavily on a goodestimationof the coordinatesof

theorigin. Moreover, to ensurea morestablesolution,thecoefficient b wasnot treatedasan

unknown. Theadjustmentis thereforerepeatedfor a wide rangeof b-values(rangingfrom 0.1

to 5, with astepof 0.01),wherebythehighestcorrelationcoefficientbetweentheobservedand

calculatedprofilescorrespondsto thebestb-value.Thatthemethodis unambiguousis shown in

Fig. 1.31,wherethecorrelationcoefficient is givenfor theglacierprofileJ1(Jenningsbreen)as

a functionof b. Exceptfor theprofileof Nipebreen,whereb-valuestendto exceed5 andwhere

the methodfailed, all otherestimationsof SørRondanecrossprofilesshowed a comparable

smoothcorrelationcoefficient functionastheonegeneratedin Fig. 1.31.

Figure1.31: Calculationof the bestfit of the power law curve to the valley crossprofile of

Jenningsbreen(J1). Thecorrelationcoefficient is calculatedfor b-valuesrangingfrom0.1 to

4.0with a stepof 0.01.
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1.5 Mor phometric analysisof the SørRondanecrossprofiles

Table1.2 displaysfor all the SørRondanecrossprofiles the valley width, the centralvalley

depth,theform ratio, thecoefficientRandthecorrelationcoefficient for theparabolicequation

(Eq.1.5),thecoefficient b andthecorrelationcoefficient for thepower law equation(Eq.1.6),

andtheshapefactor f . All theSørRondanecrossprofilesusedin this analysisareat present

filled with ice. In awaythis is unique,sincemostof themorphometricstudiestodayareapplied

on deglaciatedvalleys, of which the cross-profilesaredisturbedby post-glacialdepositsand

valley wall weatheringunderice freeconditions.Threecrossprofiles(BM1, J4andMC) were

omittedin theanalysis,becauseof their low correlationcoefficientwhenretrieving theb-value

andtheir irregularshapeof thevalley walls.

Table1.2: Morphometricparameters of valley crossprofiles in SørRondane:2W = glacier

width, D = glacier central depth,FR = form ratio, R = quadratic coefficientof theparabolic

equation,r B RC = correlationcoefficientof theparabolicequation,b = b-valueof thepowerlaw

equation,r B bC = correlationcoefficientof thepowerlaw equation,f = shapefactor.

Glacier 2W D FR R (10D 4) r B RC b r B bC f

J2 1793 503 0.28 6.55 0.90 1.53 0.91 0.29

J4 4549 646 0.14 0.93 0.79 0.44 0.86 0.31

J1 6366 1225 0.19 1.25 0.97 2.38 0.98 0.33

JC 7102 1651 0.23 0.98 0.77 0.49 0.93 0.22

J3 6146 1507 0.25 1.56 0.97 1.47 0.98 0.28

JE 8115 1819 0.22 1.06 0.98 1.45 0.98 0.28

G3 5300 894 0.17 1.16 0.87 4.02 0.96 0.35

GL 6326 1739 0.27 1.36 0.89 1.22 0.91 0.26

GC 11012 1685 0.15 0.54 0.93 1.81 0.93 0.30

GN 10940 1333 0.12 0.42 0.91 3.20 0.94 0.33

DB1 2950 762 0.26 3.17 0.96 1.48 0.97 0.28

DB3 2300 497 0.22 3.42 0.94 1.25 0.96 0.28

P1 2430 648 0.27 3.33 0.89 0.85 0.96 0.26

P2 2600 424 0.16 2.19 0.98 2.48 0.98 0.35

MC 2913 551 0.19 2.33 0.75 0.95 0.82 0.28

ME 4199 1566 0.37 2.99 0.85 0.81 0.93 0.22

MW 6259 1171 0.19 1.24 0.97 1.58 0.97 0.31

BM1 3800 410 0.11 0.85 0.81 1.21 0.86 0.33
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The valuesof the form ratiosof the valleys in the centralSørRondanehave a limited range

showing ratherconstantvalues,sincethereis a tendency that deepervalleys becomewider

(Fig. 1.32), as explainedin Pattyn et al. (1992). However, small form ratios are found at

profilesGN andGC. Thesebroadervalley profiles(morethan10 km in width) aredueto the

confluenceor junctionwith adjacentglaciersor tributaries(MefjellbreenandNipebreen).

Figure1.32:Scattergramof valley widthversusdepthfor SørRondanevalley crossprofiles.

It is observed that the troughheadof the valley of Jenningsbreen(Table 1.2, profiles listed

from southto north)is markedby a high valueof b (1.53–2.38),pointingto aU-shapedvalley,

while low values(0.49–1.47),resultingin a V-shapedprofile, characterisethe main stream

of the glacier. The samepicture is found at Gjelbreen,with b-valuesof 4.02 at the trough

head,low valuesin thecentralpart(1.22),but thenagainincreasingaftertheconfluenceof the

adjacenttributariesMefjellbreenandNipebreen(1.81–3.20).A possibleexplanationfor this

phenomenonis thathigherosionratesat thebottomof theicefall, dueto anincreasein velocity

andbasalshearstress,andat theconfluenceareain thenorth,dueto an increaseof ice mass,

accountfor amoreprofoundvalley developmenttowardsaU-shapedprofile.However, asstated

by Augustinus(1992)alithologic influenceontheerosionalprocessis notexcluded:geological

observationsin the centralSørRondane(IshizukaandKojima, 1987)show somedifferences

in lithology andgeologicstructureof metamorphicrocksof thenorthernandsouthernpartof

the range. Along the boundary, they definedthe Main ShearZone(MSZ), running through

the centralpart of JenningsbreenandGjelbreen,over the col at the northwesttip of Mefjell,

continuingto the eastthroughthe centralpart of Mefjellbreen. Oddly, the four crossprofiles
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thatcoincidewith theMSZ, which is only 1 km wide (JC,GL, MC andME) arecharacterised

by very low b-valuesandhenceshapefactors,whichcouldpoint to ahigherosionresistanceof

theMSZ. Suchaninferencerequireshowevermoreextensivefield work.

Table1.3: Correlationmatrix for themorphometricvalley shapemeasures: n.s. = not signif-

icant at 90 per centlevel, p = level of significance, 2W = glacier width, D = glacier central

depth,FR= formratio, R= quadratic coefficientof theparabolicequation,r E RF = correlation

coefficientof theparabolicequation,b = b-valueof thepowerlaw equation,f = shapefactor.

2W D FR R r E RF b f

2W 1.00

D 0.77 1.00

p G 0.001

FR -0.53 0.06 1.00

p G 0.05 n.s.

R -0.80 -0.65 0.57 1.00

p H 0.0003 p G 0.01 p G 0.05

r E RF -0.03 -0.21 -0.32 -0.04 1.00

n.s. n.s. n.s. n.s.

b 0.25 -0.21 -0.69 -0.31 0.24 1.00

n.s. n.s. p G 0.005 n.s. n.s.

f 0.12 -0.39 -0.79 -0.22 0.54 0.89 1.00

n.s. n.s. p H 0.0005 n.s. p G 0.05 p H 0.0001

In orderto evaluatetheinter-relationshipsbetweenthemorphometricparameterssuchaswidth,

depth,form ratio,shapefactorandtheregressioncoefficientsRandb, acorrelationanalysiswas

performed(Table1.3).Thehighestcorrelation(0.89)is foundbetweentheshapefactorandthe

b-values,indicatinga positive trend(Fig. 1.33). Also a high correlationis foundbetweenthe

R-coefficient of theparabolicequationandthe valley width. This is ratherobvious,sincethe

parabolicequation(andR in particular)canbe written asa function of valley width (Pattyn

et al., 1992). A negative trend is observed betweenthe b-valuesandthe form ratio, though

not sosignificantasthecorrelationbetweentheb-valuesandshapefactor. HiranoandAniya

(1988)foundthatsucha “b I FR” diagramdepictsthedevelopmentalprocessof glaciatedval-

ley morphology, i.e. the successionfrom V-valley to U-valley. From valley crossprofilesin

theCanadianRockies,PatagoniaandAntarcticathey suggesttwo typesof cross-profiledevel-

opmentof theglacialvalley. Onetypeof thedevelopment(Rocky MountainModel,RMM) is

from a shallow, wide V-shapedvalley to a deepU-shapedvalley, andanothertype(Patagonia-
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Figure1.33: Scattergram of shapefactor versusb-valueof the power law equationfor Sør

Rondanevalley crossprofiles.

AntarcticaModel,PAM) is from arathersteepandnarrow V-shapedto awide,broadU-shaped

valley. TheRocky Mountainmodeldepictsadeepeningdevelopmentof theglacialvalley, while

thePatagonia-Antarcticamodelportraysa widening,ratherthandeepening,processof glacial

developmentandhencesuggestinga differentmechanismof glaciererosionfrom the alpine

type. Whetherthis “b J FR” diagramrepresentstheform developmentof glacialcrossprofiles

is asubjectof muchdebate.Accordingto Harbor(1990)suchananalysisis hinderedby thefact

thatonecannotobserve theevolution of a singlecrossprofile (from V to U) over time,sothat

thespatialvariationsin form arelinkedto somesurrogatemeasureovertimeor extentof glacial

erosion.Nevertheless,morphometricdatafrom theSouthernAlps in New Zealand(Augustinus,

1992)confirmthe“alpine type” Rocky Mountainmodelof HiranoandAniya (1988).Also, the

morphometricdataof theglacierprofilesin SørRondaneconfirmmoreor lessthePatagonia-

Antarcticamodel(Fig. 1.34). Thus,bearingin mind Harbor’s critic, the“b J FR” diagramfor

theSørRondaneglacierprofilescanbeinterpretedasfollows: (i) V-shapedvalleys tendto be

smallerin width thanU-shapedvalleys, and(ii) consideringtheoverdeepenedbedrockprofile

of theoutletglaciers,thevalley width of thepronouncedU-shapedvalleys is remarkablyhigh.
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Figure1.34: Comparisonof the “F R K b”-diagram of SørRondanevalley crossprofileswith

theRocky Mountainmodel(RMM) andthePatagonia-Antarctica model(PAM) of Hiranoand

Aniya(1988).

1.6 Conclusions

Basedon gravimetric surveys andradio echosoundingmeasurementscarriedout in the Sør

RondaneMountains,a mapof the subglacialrelief is compiled,emphasisingan overdeepen-

ing of thecentraloutletglaciers,with bedrockelevationwell below sealevel. Thedataof the

crossprofile measurementswasfurtherusedfor a morphometricanalysis,therebycalculating

the form ratio, shapefactorandthespectralcoefficientsof thepower law andparabolicequa-

tion. The useof a robust power law, with respectto the datum,allowed for a moreaccurate

determinationof the power law coefficient b, which describesthe valley crossprofile form.

Nevertheless,morphologicaldataaloneareinsufficient to assessa morphologicaldevelopment
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over time. Harbor(1990)arguesthat in orderto understandtheevolution of glacialcrosspro-

files,theattentionshouldalsofocuson(i) theflow patternthroughtheglaciercrosssection,(ii)

theglacialerosionprocess,(iii) thepatternof bedrockresistanceto erosion,(iv) theevolution

in valley slopesabove theglacier, and(v) the temporalvariationin ice occupation.Sincethe

majoroutletglaciersin thecentralSørRondane,i.e. JenningsbreenandGjelbreen,arecharac-

terisedby a complex morphologicalevolution from thetroughheadto themountainexit area,

thecontrolof ice dynamicsandbedrockweatheringresistancecannotbeneglected,asshown

by themorphometriccharacteristicsof thevalleysafterconfluencewith adjacenttributariesand

by the valley morphologycoincidingwith the Main ShearZone(MSZ). However, a detailed

analysisof the ice-bedrockrelationship(glacialerosion)andextensive field work is necessary

to arrive at moresolid conclusions.Following the analysisof Hirano andAniya (1988), the

relationshipbetweenb-valuesandthe form ratio is in overall agreementwith their proposed

Patagonia-Antarcticamodel.
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Paper 2

Satellitemonitoring of iceand snow

conditions in the SørRondaneMountains,

Antar ctica

Pattyn, F. and Decleir, H. 1993. Satellitemonitoringof ice and snowconditionsin the Sør

RondaneMountains,Antarctica. Annalsof Glaciology17: 41–48

ABSTRACT. Six multispectralSPOT imagesandoneLandsatThematicMapperimage

of thecentralpartof theSørRondaneMountains,DronningMaudLand,Antarctica,were

obtainedover a five yearperiod(1986-90)andstudiedfor their potentialin mappingthe

glacierizedsurface.FromthethermalIR reflectancesof LandsatTM amapof iceandsnow

temperatureswasobtained,reflectinglarge-scaletopography. The“middle” IR and“near”

IR bands(in descendingorderof importance)enhancemarkedly thevariationsonthesnow

surfaceitself. Thiscanbemostclearlyseenin theaccumulationareanorthandsouthof the

rangewherethesnow cover is abundant.

From multispectralSPOT imagerya glacio-morphological map was created. Some

aspectsof this maparediscussedwith respectto the significanceof the ablationin this

isolatedmountainarea,wherethemainicestreamis divertedaroundtherange.Finally, an

analysisof multitemporalimagesled to thedevelopmentof aclassificationtool to quantify

the extent of ablationandaccumulationareas.Also, by this methoddrift snow could be

distinguishedfrom thepermanentsnow cover.

53
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2.1 Intr oduction

Despiteall efforts, Antarcticastill remainsa remoteplaceof which little is known. Most of

thescientificmeasurementsarerestrictedto isolatedspots,generallycloseto thecoast.Nev-

ertheless,thereis a needfor a generalisationof this knowledgeto otherplaceson this huge

continent,i.e. for theconstructionandupdatingof globalAntarcticdatabasesrelatedto topog-

raphy, temperatureandmassbalance.The extrapolationandquantificationover muchlarger

areasis now becomingpossibleby theexploitationof datafrom remotesensingplatforms,such

asearthresourcesatellites.

Thisstudypresentstheresultsof adetailedanalysisof LandsatThematicMapperandmultidate

/ multispectralSPOT imageryfor their usein glaciologicalandglacio-cartographicstudiesin

the SørRondaneMountains,a typical coastalmountainrangein DronningMaud Land, East

Antarctica. The field evidencewascollectedthroughparticipationin the JapaneseAntarctic

ResearchExpeditionsJARE-28(1986-87),JARE-31(1989-90)andJARE-32(1990-91).

2.2 Regiondescription and remotesensingdata acquisition

TheSørRondaneMountains(20-30L E, 71-73L S) area 220km long,east-westlying mountain

range,situatedat a distanceof 200 km from the coast. Up to now, the centralpart hasbeen

extensively studied. A detailedglacio-geomorphologicaldescriptionof the rangeis given in

VanAutenboer(1964). Recentglaciologicalevidenceon the glacierizationprocessandbasal

topographyof themountainrangecanbefoundin Pattynetal. (1992).

Six multispectralSPOT imagesandoneLandsatThematicMapper(TM) imageof thecentral

part of the SørRondanewereobtainedover a five yearperiod(1986-90).Fig. 2.1 shows the

geographicaldistributionof thoseimages.TheTM image(ID 5100706072),recordedon3 De-

cember1986,incorporatessevenspectralbands,whichwill befurtherreferredto asTM1..TM7.

SPOT multispectralimageryincludeonly threespectralbands(referredto asXS1..XS3).The

six SPOT imagesare153-688and153-690,recordedon 08 February1987,152-689,recorded

on15February1987,149-689,recordedon20February1990,and151-688and151-690,both

recordedon21 February1990.Thewavelengthregionsof thedifferentspectralbandsfor both

platformsaregivenin Fig. 2.2.
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Figure2.1: Index mapshowinglocation of LandsatTM and SPOT imagesdiscussedin this

paper.

2.3 Spectral information content of Landsat TM and SPOT

imagery

ChoudhuryandChang(1981)investigatedsolarreflectanceof snow for differentgrain sizes.
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Figure2.2: Wavelengthregionsandbandwidth of LandsatTM (exceptthermalIR band)and

SPOT scannersystems.

They found that generallythe snow albedo(reflectance)decreaseswith increasinggrain size.

This explainswhy snow canbe differentiatedfrom bareice andeven freshsnow from older

compactedsnow. The variationin reflectancewith grain sizeis however small in the visible

wavelengths(TM1, TM2, TM3, XS1, XS2) but increasesconsiderablyabove about0.7 µm.

Theinfraredreflective bands(TM4, TM5, TM7, XS3) are,therefore,very appropriatefor dis-

tinguishingdifferentsnow andice structures.Also, the reflectancedecreasesdrasticallywith

increasingwavelength,becomingalmostzero in TM5 and TM7. At thosewavelengthsthe

imagesshow thatsnow is evenmoreabsorptive thanrock.

Fromthe“pure” visible wavelengths(TM1, TM2, TM3, XS1, XS2) only TM2, XS1 andXS2

discriminateice from snow, whereasTM1 and(partly) TM3 aresaturatedon snow and ice.

Nevertheless,shadows thatbecomelargedueto thelow sunangleandsteeprelief of therock

outcropsarehighly transparentin TM1, sothattheboundarybetweenrockandglacierin shad-

owedareascanbedetermined.TM4 andXS3 ("near"infrared)providemuchgreaterinforma-

tion for snow andice,bothbecauseTM4 lackssaturation(dueto thelowerreflectanceof snow),

andbecauseit showsgoodcontrastin snow andice. Especiallylargescalesnow andicefeatures

suchascrevassing,flowlines,lateralandlongitudinalundulationsareenhancedby photometric

shadingcausedby the low sunangleprevalentover Antarctica(OrheimandLucchitta,1987).

In TM5 andTM7, surfacefeatures,earlierdescribedasblueicezonesor vastsnow areas,show

differentpatternsin their reflectancesignature,primarily dueto variationsin grain sizeor to

othersurfacepropertiesof snow andice.



II.2. SATELLITE MONITORINGOF ICE AND SNOW 57

FrommultitemporalSPOT imagesit wasfoundthat thereflectancesof certainsnow areasdif-

feredgreatlyin time,sometimesleadingto anexcessivesaturationof thesatellitedetectors,es-

peciallyat shorterwavelengths.This is probablydueto a changein illuminationangles(when

imagesarerecordedseveralweeksapart)andthedifferentatmosphericconditions,hampering

theanalysisof multitemporaldata.

2.4 Surfacetemperaturesin the central SørRondane

LandsatTM band6(TM6) providesradiometricsurfacetemperaturesand,in particular, it shows

a strongsignal for “warm” partswithin the region of snow and ice (Orheimand Lucchitta,

1988).Theradiationat terrestrialtemperaturesis thestrongestbetween9 µm and14µm, with a

maximumaround11 µm at temperaturesin therange-25M C to 0M C. This maximumis covered

by TM6 (10.40–12.50µm) andlies alsoin theatmosphericwindow with reducedatmospheric

absorption,sothatthisbandeffectively recordsrelativegroundtemperatures.

The scene-dependentvaluesof the minimum (Lmin) andmaximum(Lmax) spectralradiances

from the two calibrationsourcesonboardthe satellite(Landsat-5)are readfrom the Header

File, suppliedwith theimageontheComputerCompatibleTapes,andarerelatedto thespectral

radianceof thesceneasfollows:

Lλ NPO Lmax Q Lmin R DN
255 S Lmin (2.1)

with Lλ thespectralradiance[mW cmT 2 srT 1 µmT 1], DN thedigital numberrangingfrom 0 to

255andLmin andLmax 0.12378and1.55996mW cmT 2 srT 1 µmT 1, respectively. Singh(1988)

proposesan accuratealgorithmfor convertingTM6 digital numbersinto brightnesstempera-

tures.TherelationbetweenthespectralradianceLλ andtemperatureT is thengivenas:

T N b
ln O Lλ RUQ a

(2.2)

with T the brightnesstemperature(K). Valuesfor a and b are determinedfor temperature

rangesof 40 K only, which enhancesthe accuracy. For a spectralradiancebetween0.19968

and0.48350(220 V T V 260), valuesof a andb are4.1368and-1264.63,respectively. At

higherspectralradiances(between0.48350and0.92949),valuesof a andb equal4.1754and

-1274.674respectively (Singh,1988).

The algorithm is then appliedto the centralpart of the Sør Rondane,resultingin a map of

surfacebrightnesstemperatures(Fig. 2.3). The situationof this mapwithin the SørRondane
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is given in Fig. 2.4. Brightnesstemperaturesrangefrom -32W C on the highestpartsof the

plateau(2600m.a.s.l.)up to +8W C onrocksandnunataks,decreasingwith increasingelevation

anddependingon boththereflectivity of thematerialandthe incidenceangleof thesun. The

highesttemperaturesarethereforefoundonthelow reflectancezones,suchasrockoutcropsand

bareice zones,whereonly a smallamountof the incomingradiancefrom thesunis reflected

into space. In thesezonesmelting phenomenaoccur, even if the meantemperatureof the

surroundingsis well below zero.Fig.2.3alsohighlightsthedammingeffectof theSørRondane

Mountainsuponthemain ice streamfrom thepolarplateau:it shows thevery high andhence

coldsurfacessouthof therangeandtherapidincreasein temperatureastheglacierscut through

therangewhichis associatedwith aloweringof theicesurfaceandachangefrom snow coverto

bareicedueto theoasiseffect(i.e. increasein temperaturescausedby thelow albedo,adiabatic

heatingandwind shelterfrom thesurroundingnunataks).

To calculaterealsurfacetemperaturesoneshouldretainonly thermalradiancesof onetexture

unit, definedby a constantalbedo. Sincethe snow coverageis mostabundantin the image,

only brightnesstemperatureson thesnow surfacewereextracted.This wasdoneby anoverlay

operationbetweena classifiedThematicMapperimage,displayingsnow andice coverandthe

TM6 imageof thesameregion. For68pixelsonthesnow surface,terrainheightswereextracted

from atopographicmap,sothata relationcouldbeestablishedbetweenthesurfacetopography

andbrightnesstemperature(Fig. 2.5).

A simple linear regressionanalysisfor the region between900 and 2600 m shows a mean

temperaturegradientof -8.5W CkmX 1, with atemperatureof -7.8W Catsealevel. Twofieldparties

of JARE-28measuredair temperaturesin theSørRondaneregionbetween21Novemberand6

December1986.Thefirst field stationwassituatedat Asuka(71W 32’S,24W 08’E, 965m.a.s.l.),

60 km north of the centralSør Rondane,while the secondstation(SS100)was situatedon

the polar plateau(73W 07’S, 39W 45’E, 3005m.a.s.l.),520 km southeastof our studyarea. Air

temperaturesweremeasuredat leasttwice a day (0600hand1800hGMT) at 2 m above the

snow surfacewith analcoholthermometer(Nishioet al., 1988).A ratherconstanttemperature

trend was observed over the period 27 Novemberto 6 December. The LandsatTM image

was recordedon 3 December1986at 0607hGMT. Temperaturesat Asukaand SS100then

amounted-8.5and-25.0W C respectively. Relatingthesetemperatureslinearly to elevation,one

obtainsa temperaturegradientof -8.1W C kmX 1, which is in accordwith the TM6 brightness

temperaturegradientof -8.5W C kmX 1. However, the absolutetemperaturesrecordedat both

stationslie approximately9W C lower thanthebrightnesstemperatures,probablydueto thefact

that brightnesstemperaturescannotbe confusedwith air temperatures.Strongwinds at the

time of imageacquisition(12.0m sX 1 at Asuka)imply anefficient heatexchangebetweenthe

snow surfaceand the air, so that surfacetemperaturesmight lie within the realm of the air

temperatures(T. Vinje in OrheimandLucchitta,1988).



II.2. SATELLITE MONITORINGOF ICE AND SNOW 59

Figure 2.3: Colour-coded brightness temperatures determinedfrom Landsat TM6 (ID

5100706072).Brightnesstemperaturesrange from-32Y C (bottomright) to +8 Y C on rock out-

crops.SeeFig. 2.4for situation.

Surfacetemperaturesshouldnot differ very muchfrom brightnesstemperaturesfor following

reasons:(i) brightnesstemperaturesdependontheemissivity of thesurface,but snow emissivity

deviateslittle from unity (longwave emissivity of snow is typically 0.99and0.97for bareice

surfaces),and (ii) TM6 is not sensitive to changesin the propertiesof the snow surface,as

is the casewith the “middle” infraredbandsTM5 and TM7. Orheimand Lucchitta (1988)

alsofounda similar discrepancy betweenmeasuredtemperaturesandbrightnesstemperatures.

Theirdifferencein temperatureoffsetvariedbetween8 and20Y C. In practice,theinterpretation

of thermaldataandimagesof arealtemperaturedistributionoversnow is farfrom simple,asthe

measuredradiancedependsontheemissivity of thesurface(whichis alsoafunctionof viewing

angle),thewavelengthregion, andalsoon atmosphericeffects. Massom(1991)mentionsthat

thecontributionof atmosphericeffectsmightbegreatin polarregions.

A recentparameterizationof theannualsurfacetemperatureover Antarctica(Fortuin andOer-

lemans,1990)alsoagreeswith theTM6 results.For theAntarcticcontinent,a meanlapserate

of -9.14 Y C ( Z 0.343Y ) wasobtained.A separatetemperaturegradientwascalculatedby these

authorsfor theinlandiceslope(200–1500m.a.s.l.)andtheinterior(above1500m.a.s.l.).Lapse
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Figure 2.4: Situation sketch for the displayedLandsat TM (Fig. 2.3) and SPOT images

(Figs.2.8,2.9and2.10)

ratesof -5.1and-14.3[ C km\ 1, respectively, werefound. In our area,a linearregressionanal-

ysison theTM6 datarevealstemperaturegradientsof -6.4and-10.3[ C km\ 1 for theelevation

zone900–1500m and1500–2600m, respectively.

We canconcludethat theTM6 thermalinfraredbandeffectively recordsrelative groundtem-

peratures.Nevertheless,a largeoffset(9[ C) existsbetweenthemeasuredsurfacetemperatures

andthe TM6 brightnesstemperatures,probablyattributedto atmosphericconditionsandillu-

minationangle.In theSørRondane,differenttemperaturegradientsareobservedfor theinland

ice slope( ] 1500m.a.s.l.)andthepolarplateaurespectively, in accordwith parameterizations

of thesurfacetemperatureoverAntarctica.



II.2. SATELLITE MONITORINGOF ICE AND SNOW 61

Figure2.5: Regressionanalysisappliedon LandsatTM6 data. Brightnesstemperatureswere

chosenonsnowandplottedasa functionof surfaceelevation(n = 68).

2.5 SPOT imagery and glacier mapping

Onemainadvantageof theEuropeanSPOT satellitecomparedto theLandsat-5ThematicMap-

peris thelargerpixel resolution(20m in multispectralmodeand10m in panchromaticmode).

However, SPOT lacksthe infraredreflective and infraredemissive (thermal)bandsso that it

is not possibleto extract detailedinformationconcerningthe physicalpropertiesof the snow

surface,nor surfacetemperatures.Despitethis shortcoming,SPOT multispectralimagesof

Antarcticareveal much informationon the glacierizedsurfaceandbareice areassituatedat

the lee sideof nunataksin the centralpart of the SørRondane.The reflectanceson the bare

icesurfacerevealdetailsnotvisibleonaerialphotographsnor in multispectralcompositionsof

LandsatTM images.On the basisof a visual interpretationof a colourcompositecombining

SPOT multispectralchannelsXS1, XS2 andXS3, a glaciologicalmapof the centralpart of

the SørRondanewascreated(Fig. 2.6), displayingthe surfacecharacteristicsof the glaciers

JenningsbreenandGjelbreen.

Two differenttypesof surfacefeaturescouldbeidentifiedin theSPOT image,i.e. topographic

andspectral.Topographicfeaturesarea resultof strainratesin theglacier(obstructionof flow,

sidedragfrom theglacierwalls)or aneffectof thewind. Bothactionsresultin heightchanges

on thesurface.Suchtopographicfeaturesarefoundon Gjelbreen,theonly realactive glacier

in this part of the range(Van Autenboerand Decleir, 1978;Pattyn et al., 1992). Extensive

flowlinesandice rumpleson this glacieraredueto strainrateswhich aremainlycausedby the

confluenceof two ice streams.At the entranceof JenningsbreenandGjelbreenin the moun-
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Figure2.6: Glacio-morphological mapof the glaciers of the central part of the SørRondane

Mountains,basedonan interpretationof multispectral SPOT images.

tain range,two distinctive ice falls reflecttheabruptchangein basaltopography. Also, heavy

crevassingin thesouthandlargecrevassesfurtherdownstreamunderscoretheglacialactivity.

Spectralfeatureson theotherhandarenot reflectedat thesurfaceby a relief disturbance,but
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arecharacterisedby differencesin spectralresponsemeasuredby the satellite. Most of these

patternsarefound on the bareice areasof the “local” glacierssuchasJenningsbreen,andat

the lee sideof nunataksandrock partsof the mountainrange. With local glacierswe mean

outletglacierswith considerableice thickness,but which have been(or are)in theprocessof

beingcutoff from themainice supply(Pattynet al., 1992).This is dueto a loweringof theice

sheetsurfacebehindthemountains.Ablationdominatesontheseglaciersandthey havebecome

nearlystagnantwith extensivesupraglacialmorainesat theirmargins.Theconspicuoustextural

lines on Jenningsbreen,suggestingflowlines, canthereforebe interpretedaspaleo-flowlines.

Also, a peculiarkind of bandingin theice is detected,especiallyat theextensivebareice field

northof Brattnipane.This ice field is characterisedby a steepslope,sothat thesebandsmight

be interpretedasan outcroppingof differentsub-horizontalice layers. During JARE-31only

a few of thesebandswereobserved in the field. The appearanceof thesezonesis darker as

they containfewerair bubblesthantheblueice. Thefew ice bubblesarenonethelessbiggerin

size.Lliboutry (1964)describesdifferentsortsof icedependingon theiramountin air bubbles:

white ice containsmany air bubblesand is in most casesformed by firnification at the ice

surface.Blue icecontainsfewerair bubbles,while superimposedice is formedby refreezingat

thesurfaceandis pooron air bubbles.Thus,themorebubblescapturedin the ice, thehigher

thealbedo.Theoccurrenceandformationof “darker lines” in thebareicezonesprobablypoint

to foliation or stratificationof ice implying a layeredstructureof sedimentaryice producedby

thesuperimpositionof youngerlayersoverolderlayersof ice (Lliboutry, 1964;Kotlyakov and

Smolyarava,1990).

2.6 Changedetectionwith multitemporal SPOT imagery

OrheimandLucchitta(1990)havealreadyreferredto theimportanceof changedetectionin the

extentof bareice areasin view of climatechange.Bareice areasareablationareasandthus

have a negative massbalance.They indicatean emergenceof old ice at the surfacewhich is

causedby severalprocesses.Bareice areasoccuronplaceswheretheaccumulationis reduced

dueto wind scouringandreducedsnow drift at theleesidesof nunataks(wind shelteredzones).

Oncethey areestablishedthey survive by increasedablation,dueto the low surfacealbedo,

long-wave radiationof the nearbyrocks,high temperaturescausedby adiabaticheating,and

wind erosion. Near the nunataksthemselves,surfacemelting occursduring the day, so that

repeatedmeltingandrefreezinggivesriseto theformationof smoothsurfaces.During JARE-

32, somelakeswere observed on the ice surfaceof Jenningsbreen,reachingdepthsof 5-10

cm.

To determinetherateof changein theextentof bareice areas,a selectiveprinciplecomponent
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analysiswasappliedon the1987(153-690)and1990(151-688)SPOT imagesasproposedby

OrheimandLucchitta(1990),afterperforminga precisematchingof theseimagesin thesame

referenceframe.Theresultsshowedaspectaculardecreasein bareiceextentin thecentralSør

Rondanefrom 53 % of thetotal glacierizedsurfacein 1987to 19 % in 1990.However, a field

partyof JARE-31(1989-90)observeda severesnow stormin thebeginningof January1990,

lastingoneweek,which coveredthewholeglaciersurfaceof Jenningsbreenin snow for more

thanamonth.In 1991theiceextentwasbackto normal.Thischangein extentobviouslypoints

to a weatherphenomenonratherthanto climatechange.

To detectchangesat thebareice surfacerelatedto climatechange,a supervisedclassification

techniquewasusedto distinguishpermanentsnow cover from icesurfacesburiedunderneatha

layerof snow drift. In addition,sucha classificationis theonly techniqueby which theimage

informationcanbequantified:by assigningeachpixel to a particularclassit becomespossible

to calculatethearealextentof thesnow andice cover. Threeclasseson theglacierizedsurface

wereretained,i.e. snow, bareice andice coveredwith a layerof snow-drift (referredto asice

/ snow). For eachof theseclasses,several trainingareas(groupsof pixelsof which texture is

known from field evidence)werechosen,dispersedover the image. A preliminarystudyof

classificationtechniquesrevealedthat thedecision-treeclassifier(Mather,1989)wasthemost

suited,both becauseof a goodoverall classificationaccuracy aswell asthe simplicity of the

method. A decisiontree (Fig. 2.7) was createdafter careful inspectionof the training class

statisticalparameters,suchasmeanclassgrey valueandstandarddeviation. With this method

eachpixel in theimageis uniquelyassignedto aparticularclass.Thediscriminationvaluesfor

the1987and1990imagesaregivenin Table2.1(seealsoFig. 2.7).

Table2.1: Discriminationgrey values(Digital Number)of the decisiontreeclassifierfor the

1987and1990SPOT images.

Value1 Value2 Value3

1987 140 72 178

1990 140 62 179

Figs. 2.8 and 2.9 are the classifiedimagesof 1987 and 1990, respectively, displayingrock

andmorainicdebris(white), bareglacierice (black), ice / snow (grey) andsnow (light grey).

Table2.2 givesthesurfaceextentof all classesof thetwo images.A considerabledecreasein

bareice canbe observed,but taking into accountthe ice / snow class,the total ablationarea

decreasedwith only 2-3 % of the total area. A simplearithmeticoperationon Figs.2.8 and

2.9 thenvisualisesthechangesat theglaciersurface(Fig. 2.10). Thebluecolourrepresentsa

changefrom ice (darkblue)or ice / snow (light blue)into snow, reda changefrom snow to ice
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Table2.2: Arealextent(% of total surface)of thedifferenttextureclassesfor the1987and1990

SPOT images(Figs. 2.8and2.9).

1987 1990

Rock,morainecover, shadow 34.66 34.11

Ice 19.77 9.30

Ice / snow 16.10 24.00

Snow 29.46 32.60

Totalablationarea 35.87 33.30

Figure 2.7: Decisiontree of the classificationprocesswith SPOT imagery. Discrimination

valuesare reportedin Table2.1.

/ snow (light red)or ice (red),while yellow pointsto changesfrom ice to ice / snow andvice

versa.In termsof ablation/ accumulationbluemight beinterpretedasa changefrom ablation

into accumulation,redasa changefrom accumulationinto ablation,while themostabundant

colour(yellow) impliesnorealchangeatall. Althoughwenotedonly aminimalchangein total

ablationsurfaceextent(Table2.2),Fig. 2.10showsa significantdisplacementin accumulation
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andablationareas:weobserveanincreasein ablationonthecentralpartof theglaciers(red)and

anincreasein accumulationin thewind protectedzones(blue). This might indicatea reduced

oasiseffect in thewind shelteredareasandanincreasedwind effectelsewhere.

Figure2.8: Classificationof SPOT scene153-690(8 February1987)according to thedecision

tree classifierof Fig. 2.7. Rock outcrops and morainic debris are displayedin white, bare

glacier ice in black, icecoveredwith a layerof snowdrift (snow/ ice) in grey andsnowin light

grey. SeeFig. 2.4for situation.

2.7 Conclusions

Theuseof satelliteimagesin polarregionsfacilitatestheinterpretationof grounddataandex-

trapolationof fragmentaryfield knowledgeto muchlargercoherentareas.Appliedto thecentral

partof theSørRondane,LandsatTM imageryareshown to bevery usefulin thedetectionof
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Figure2.9: Classificationof SPOT scene151-688(21February1990)accordingto thedecision

treeclassifierofFig. 2.7.Rock outcropsandmorainicdebrisaredisplayedin white, bareglacier

ice in black, ice coveredwith a layer of snowdrift (snow/ ice) in grey andsnowin light grey.

SeeFig. 2.4for situation.

differencesin propertiesof theabundantsnow coverandtheextractionof snow surfacetemper-

atures.Topographicmappingof glaciersurfaceswith SPOT resultedin aglacio-morphological

mapof theglaciersof thecentralSørRondanedisplayingmorphologicalfeaturesontheglacier

surface.Finally, in view of thepossibilityof climaticchange,aclassificationtechniqueallowed

thedeterminationof theextentof accumulationandablationzonesof theglacierizedsurface.

A combinationof multitemporalclassifiedimagesresultedin mapdisplayingtemporalchanges

in bareiceextent.
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Figure2.10: Overlayoperation on Figs. 2.8 and 2.9, displayingvariations in ice and snow

conditionsin thecentral SørRondaneover a periodof threeyears. Thebluecolour represents

a change fromice (dark blue)or ice / snow(light blue) into snow, reda change fromsnowto

ice/ snow(light red)or ice(red),yellowpointsto changesfromiceto ice/ snowandviceversa,

andwhitemeansnochange.
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Paper 3

Modelling glacier fluctuations in the Sør

Rondane,Dronning Maud Land,

Antar ctica

Pattyn,F., Huybrechts,P. andDecleir, H. 1989.Modellingglacier fluctuationsin theSørRon-

dane, DronningMaud Land, Antarctica. Zeitschrift für Gletscherkundeund Glazialgeologie

25(1): 33–47.

ABSTRACT. Morainic depositsfoundabove thepresentglaciersurfacein thecentral

SørRondaneMountainsgive evidenceof formerglaciations.In this paper, an attemptis

madeto interprettheseobservedglacierfluctuationsin termsof environmentalchange.To

dothis,anumericalflowline model,takinginto accountthermodynamicsandacoupledice

shelf,hasbeendevelopedandis appliedto two outletglaciersthroughthemountainrange,

GunnestadbreenandJenningsbreen.It is foundthat lower ice temperatures,a reducedac-

cumulation,anda dropin sealevel correspondingto typicalglacialconditionsaccountfor

a 150–200m rise in glacier level. From a comparisonof theseresultswith palaeogeo-

graphicalreconstructionfor a “maximum” glacial stagefor Jenningsbreenby Hirakawa

etal. (1988)it is arguedthattheirmorainicdepositsrelateto anearlierCenozoicglaciation

involving a full grown icesheet.

3.1 Intr oduction

TheSørRondaneis a300km longwedgeshapedmountainrange,200km southof thePrincess

RagnhildCoast,DronningMaudLand(20–30̂E, 71–73̂S), andbelongsto a seriesof moun-

71
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tainssurroundingtheEastAntarcticcontinent(Fig. 3.1). It is oneof the few areasaroundthe

Antarcticperimeterwherenunataksandmorainicdepositsbearwitnessof formerglacierstands.

In thecentralpartof theSørRondanethereis evidencethat the ice oncereacheda level of at

least300–350m abovethepresenticesheet(VanAutenboer, 1964;Hirakawaetal., 1988).It is

theaimof thepresentwork to attemptaninterpretationof thesegeomorphologicalobservations

in termsof environmentalchangeby meansof numericalice sheetmodelling. Several outlet

glacierscut throughthemountainrange,andrevealanicecoveredfjord landscape.Changesin

thesurfacelevel of theseglaciersoriginatefrom acomplex interactionwith environmentalcon-

ditionsin a numberof ways.A dropin therelativesealevel stand,for instance,couldincrease

the amountof groundedice seaward of the mountainrange,leadingto a local thickening. A

similar increasein lengthof theflowline couldalsoresultfrom a shift of thepresentice divide

further landinward,so that ice from a largercatchmentareahasto bedischarged. Changesin

deformationcharacteristicsof the ice dueto temperaturefluctuationsin thebasalshearlayers

maybeanotherimportantfactorto beconsidered,ascolderice deformsmuchlesseasilyand

consequently, builds up. On theotherhand,reducedaccumulationratesduringcolderperiods,

whenlessprecipitablemoistureis advectedinland,mayhaveresultedin lowerglacierstands.In

view of thisqualitativedescriptionandin anattemptto disentangletherelativeroleof themany,

in partcounteractingprocesses,wedevelopedanumericalicesheetmodelfor theglaciersystem

in theSørRondane.This modelbasicallysimulatestheglaciergeometryin responseto chang-

ing environmentalconditions.Sensitivity experimentson theglacial-interglacialcontrastmay

thenprovide physically-basedargumentsin orderto betterunderstandtheseobservedglacier

fluctuations.In this paper, anoverview will bepresentedof thesesensitivity experiments.In

particular, theresponseof two outletglaciersof theSørRondane,namelyGunnestadbreenand

Jenningsbreento “glacial” shifts in massbalance,temperature,sealevel standandice divide

positionhasbeeninvestigated.Theseresultsarethencomparedwith glacial-geologicalrecon-

structionsof formerglacierstandsin theSørRondane(Hirakawaetal., 1988).

3.2 Model formulation

Thenumericalgridpointmodelusedin this studycomputesvertically-integratedflow andin-

volvesbasicmodellingtechniquessimilar to theonesdescribedin OerlemansandvanderVeen

(1984).Giventhebasaltopography, accumulationrate,surfacetemperatureandsealevel, it cal-

culatesthetime-dependentice thicknessdistribution alonga flowline. Changesat theseaward

edgearethentaken into accountby couplingthe ice sheetwith an ice shelf andtreatingthe

groundingline (wheretheice sheetstartsto float) in a dynamicfashion.A fixedgrid in space

is employed,with 120gridpointsalongthex-axis(parallelto thegeoid)anda grid spacingof

5 km. Thez-axispointspositiveupwards(z = 0 atsealevel). Thecontinuityequation,defining
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Figure3.1: Situationmapof theSørRondane, showingthemodelledflowlines(JB= Jennings-

breen,GB= Gunnestadbreen).

conservation of ice mass,thenrelatesthe local rateof changeof ice thicknesswith the flow

field, whereicedensity(ρ) is keptconstant[917kg m_ 3] :

∂H
∂t `ba ∂

∂x c UH d a UH
b

∂b
∂x e M (3.1)

In this equation,H is ice thickness[m], t time [a], U theverticalmeanhorizontalvelocity [m
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af 1], M the massbalance[m af 1] definedasthe resultof local accumulationandrunoff (if

present),andb g xh the width of the glacieralongthe flowline. In orderto calculatethe flow,

we assumeda situationof planestrainin thex i z plane,sothatall strainratecomponentsthat

involvey arezero.In thegroundedice sheet,wherelongitudinaldeviatoricstresses(definedas

thefull stressminusthehydrostaticcomponent)canbeneglected,thebasicstressequilibrium

canthenbeintegratedalongz to yield anexpressionfor thebasalstressτb:

τb j Fτd j i ρgFH
∂ g H k hh

∂x
(3.2)

Here, g is the accelerationof gravity [9.81 m sf 2], τd the driving stressand h the bedrock

elevation[m a.s.l.]. In themountainrange,wheretheice sheettransformsinto a valley glacier,

ashapefactorF is introducedto accountfor theeffectof sidedragonthevalley walls(Paterson,

1981). Assuminga paraboliccrosssection,this shapefactoris foundto vary between0.6 and

1.0(thedifferencewith 1 givesthepartof thedriving stressopposedby sidedrag).Substituting

Eq. 3.2 in a “Glen-type” flow law, with exponentn = 3 andperformingonemoreintegration

alongtheverticalthengivesthedepth-averagedvelocityU :

U j 2
5

AHτ3
b j 2

5
A g ρgF h 3H4 llll ∂ g H k hh

∂x
llll
3

(3.3)

whereA is thetemperature-dependentflow law parameter. So,thevertically-integratedvelocity

in the groundedice sheetis a local quantityand dependsnon-linearlyon ice thicknessand

surfaceslope.In this approach,no distinctionhasbeenmadebetweenice flow dueto internal

deformationandbasalsliding. However, with respectto the depth-averagedvelocity thereis

probablynot so muchdifference,sincethe bulk of the movementoccursin the lower layers

anyway.

In the freely floating ice shelf approximation,on theotherhand,basalshearstressesarevery

smallandthedriving stressis now balancedby gradientsin normalstressdeviators(thatrepre-

senticeshelf“stretching”).Fromtheconditionthatthenetnormalforceontheiceshelfshould

equalhydrostaticpressureexertedby the seawaterat the ice shelf front, velocitiesare then

integratedalongtheflowline to give(seee.g.OerlemansandvanderVeen,1984):

ε̇xx j ∂U
∂x j Aτ m 3xx j A n 1

4
ρg o 1 i ρ

ρw p H q 3

(3.4)

whereρw is the densityof seawater [1028 kg mf 3] and τ mxx the vertical meanlongitudinal

stressdeviator. This formulationrequirestheicevelocity to beknown at thegroundingline. At

this location,whereneitherthe ice sheetnor the ice shelf approximationholds,andall stress
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componentscanbeshown to be important,anexpressionfor thevertically integratedvelocity

U canbederivedfrom theflow law andthecompletestressequilibrium.Following ananalysis

by vanderVeen(1985),it reads:

U r AH s 5
2 t τ u 2xx v D2 w D v 5

3 t τ u 2xx v 3D2 w τd v 15
4

Dτ2
d v τ3

d x (3.5)

whereD is the longitudinal stressgradient(D r 2 ∂
∂x y Hτ uxxz ) and τ uxx follows from ice-shelf

dynamicsasgivenin Eq.3.4. In thepresentapproach,we optedfor a stresstransitionzoneof

10 km landinward, in which τ uxx becomeszero. This is a valuesuggestedby Herterich(1987)

anddid notappearto becrucialfor themodeloutcome.Boundaryconditionsfor thecontinuity

calculationsarezeroice thicknessgradientsat both the ice sheetandice shelfends.Ice-shelf

calvingis not considered,sotheice shelfextendsall theway to themodelgrid edge.This has

no influenceon thepositionof thegroundingline.

Themodelalsoaccountsfor thetemperaturedependenceof theflow propertiesof ice. This is

importantsincea 10{ C temperatureshift in the basaldeformationlayersimplies an orderof

magnitudechangein strainrates. A morerigourousapproachherewould be to calculatethe

fully coupledtemperatureandvelocityfieldsin atwo-dimensionalverticalplane,aswasdonein

HuybrechtsandOerlemans(1988),but thisoptionwasrejectedbecauseit wouldput too heavy

demandson computationalresources,in particularfor the fine grid presentlyin use. Instead,

thermodynamicsweretakencareof by amorecrudemethod,thatneverthelessaccountsfor the

completephysicsin anessentiallycorrectway. As describedin OerlemansandvanderVeen

(1984),the ice temperaturehasbeenexpandedin powersof hu , theheightabove bedrock,and

threetermshavebeenretained:

T y x| z| t z r Θ0 y x| t z v huΘ1 y x| t z v hu 2Θ2 y x| t z (3.6)

The spectralcoefficients Θ0, Θ1, Θ2 of this second-orderpolynomial then follow from the

lowerandupper(themeanannualair-temperature)boundaryconditions,andfrom thevertically

integratedheatequation,wherethe two-dimensionalice velocity componentsin theadvective

termsare specifiedby parabolicfunctions. The lower boundarycondition incorporatesthe

effectsof geothermalheatinganddissipationandis expressedasa temperaturegradient:}
∂T
∂z ~ b

r�� Ψ
k
� Uτb

k
rb� 1

k y Ψ v Ψd z (3.7)

with Ψ thegeothermalheatflux [4.210� 2 W m� 2], Ψd r Uτb thecontributionduetodissipation

andk thethermalconductivity of ice[6.62107 Jm� 1 K � 1 a� 1]. However, anadditionalremark
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is in orderhere,ashighvelocitiesandsurfaceslopesin themarginalicesheetregionappearedto

leadto excessively high valuesof thedeformationalheatflux andconsequently, instabilitiesin

thetemperaturecalculation.Thiscomplicationhasbeenavoidedby settinganupperlimit to the

basaltemperaturegradientandspreadingtheleft-overdissipativeheatalongthevertical.Since

mostof thevelocityshearis foundin thelowerlayersof theicesheet,it is naturalto expressthe

flow parameterin functionof basaltemperature,thatis doneby meansof anArrheniusequation

(Paterson,1981):

A � T � ��� aexp ��� Q
RT�U� (3.8)

whereT � is absoluteice temperaturecorrectedfor the dependenceof the melting point on

pressure(T � � T � 8� 710� 1H, whereT is expressedin K), Q theactivationenergy for creep

(60kJmol� 1 for T ��� 263.15K and139kJmol� 1 above263.15K), Rtheuniversalgasconstant

(8.314J mol� 1 K � 1) anda = 1.7110� 6 Pa� 3 year� 1 for T ��� 263.15anda = 8.21109 Pa� 3

year� 1 above263.15K. In theiceshelf,a lineartemperatureprofilewasput forward.With the

bottomtemperatureequalto thefreezingpoint of seawater, thecorrespondingflow parameter

is thencomputedwith themeanshelftemperature.

3.3 Data

Basicinput datafor themodelaresurfaceandbedtopography. Two flowlinesperpendicularto

thecontourlinesweredrawn alongGunnestadbreenandJenningsbreen,two drainageglaciers

of thecentralpartof theSørRondane(Fig. 3.1). Bedtopographyhasonly beenmeasuredat a

limited numberof locationsin themountainrange(VanAutenboerandDecleir,1974;De Vos

andDecleir,1988)andat the groundingline (F. Nishio, personalcommunication).However,

sincesurfaceelevationsarereadfrom a topographicalmap,remainingice thicknessescanin

first approximationbeestimatedfrom plasticice flow theory, relatingice thicknessto thelocal

surfacegradient,with the factorof inverseproportionalitygiven by a specificchoiceof the

yield stress(e.g. Paterson,1981).Theseyield stressesarethenobtainedby inter/extrapolating

valuescalculatedat measuringsitesalongthe whole glacier length. On the plateausouthof

the ice fall, wheresurfacegradientsbecomevery small, the bedrockslopewastaken linearly

downwardsto thecenterof theicesheet,assuggestedby theDrewry maps(Drewry, 1983).The

resultingglaciergeometriesareshown in Fig. 3.2. They bothshow a stepwisesurfaceprofile

with steepslopesin the mountainrange. The bedrocktopographysuggestsan overdeepened

fjord landscape:a southernthresholdwherethe ice sheettransformsinto a valley glacierand

whereicethicknessesarerelativelysmall,endingin asubglacialtroughsystempartlybelow sea
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level northof the mountainrange.This generalpictureagreeswell with radioechosounding

results(F. Nishio,personalcommunication).Thewidth distributionalongtheGunnestadbreen

andJenningsbreenflowline is displayedin Fig. 3.3.

Relationsfor surfacetemperatureandaccumulationratewereobtainedassimplefunctionsof

elevationandtemperature,respectively. Datawereselectedfrom a compilationfor the entire

Antarctic ice sheetmadeat SPRI,(suppliedto usby D. Drewry) andincludethe24� E central

SørRondanetraverse.Theseparameterizationsread:

Tsurface � 261� 4K � 0� 012� H � h� (3.9)

M � 6� 1510� 8exp � Tsurface

16� 85 � (3.10)

whicharefunctionalrelationsto beexpected.For every10 K loweringof surfacetemperature,

which is a typical glacial-interglacial shift, the accumulationrateis thenroughlyhalved. Al-

thoughthepresentglaciersurfacein themountainrangeis to someextentcharacterizedby bare

ice fields, indicatingthat the accumulationregime is locally disturbedby sublimation,wind

scouring(dueto katabaticwinds)andperhapssomesurfacemeltingaswell, ablationhasnot

beenconsidered.In this respect,it remainshighly uncertainwhethertheseconditionsalsopre-

vailedduringcolderclimatesand/orhigherglacierstands.Also, prescribingzeroaccumulation

or evenablationratesof 10 cm a� 1 (Van Autenboer, 1964;Nishio et al., 1984)in the moun-

tain range,turnedout hardlyto changethequalitativebehaviour of themodel(in particularthe

relativeresponse).

3.4 Referencerun

If onewantsto investigatechangesin glaciergeometry, thefirst thing to do is defininga refer-

encerun. Startingfrom theobservedicesheetandimposingdifferentenvironmentalconditions

is a lessmeaningfulway to proceed,becausetheinput dataaremostlikely not in full internal

equilibriumwith the modelphysics.As a consequence,it becomeshardafterwardsto distin-

guishbetweenthe “natural” modelevolution andthe “real” ice sheetresponse.This may be

dueto shortcomingsin thedescriptionof ice mechanicsor insufficientdatacoverage,or it may

indicatethat the presentice sheetis just not in steadystate. It is probablya combinationof

all thesefactors. Sinceit is not known how far the presentglaciersareout of steadystate,

thepre-exponentialconstantsa in Eq.3.8have beenchosensuchthatthemodelledglacierge-

ometriescloselyresembledthe presentlyobserved states.The resultingflow law parameters
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Figure3.2: Glacier geometriesof Gunnestadbreen(upper panel) and Jenningsbreen(lower

panel),with modeloutputfor presentconditions(solid lines).

thenappearedto bea factor7 lower (taken for bothglaciers)thanthe onesgiven in Paterson

(1981). This representsan ambiguity that cannotbe avoided,but the relative response(our
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Figure3.3: Width of Gunnestadbreenalong the flowline. Thewidth distribution of Jennings-

breenresemblesthisoneto a largeextent.

primeinterest,in fact)appearednot to dependcruciallyon thischoice.

The resultingice sheets,after the model hasbeenallowed to relax to a stationarystatefor

200000years(theinterglacialreferenceruns)aredisplayedin Fig. 3.2(solid lines).In general,

theagreementwith thefield datais quitesatisfactory, andthemodelis certainlycapableof re-

producingthemaincharacteristicsof theseglaciers,suchasthestepwisesurfaceprofile when

theglacierentersthemountainrange.An independentcheckon themodelresultsmaythenbe

providedby thevelocityandtemperatureprofiles.Fig.3.4showsthecalculateddepth-averaged

horizontalvelocitiesandthebasaltemperaturedistribution in thereferencerun for Gunnestad-

breen.Basaltemperaturesareshown to risefrom cold valuesbetween-25� C and-10� C below

thePolarPlateauto nearpressuremeltingbeyondtheicefall. Thesevaluessuggestbasalsliding

to make up for a significantpart of the vertically-integratedice massflux, oncethe mountain

rangeis surpassed.In view of a similar geometryfor Jenningsbreen,thecorrespondingbasal

temperatureprofileessentiallyshows thesamepicture.

Thesurfacevelocitiesin thecentralpartof theSørRondanearelow ascomparedto thelarger

outlet glacierseastandwestof the range(Van AutenboerandDecleir, 1974;Van Autenboer

andDecleir,1978). Observedvelocitiesfor Gunnestadbreenhave beenmeasuredto be in the

rangeof 10–30m a� 1, which agreeswell with the modelledvalues. Measuredvelocitieson

Jenningsbreen,ontheotherhand,arefoundto beextremelylow (lessthan1 m a� 1). In view of
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thesimilargeometriccharacteristicsof thisglacier, themodelledvelocities(up to � 30m a� 1)

areobviously at oddswith the observed ones. Van AutenboerandDecleir (1978)suggested

thatin view of ageneralreductionin glacierization,Jenningsbreenis presentlycutoff from the

mainice supplyandis therebynot actively fed by theplateauice sheet.A small ice capsouth

of Walnumfjellet,still in contactwith the main ice sheet,wasthoughtto feedJenningsbreen.

In orderto investigatethis point somewhat further, an additionalexperimentwascarriedout,

in whichJenningsbreenwasmodelledasa localglacier, startingfrom a local ice dividenearto

thepresentglacierhead.Modelledsurfacevelocitiesfor a steadystatesituationarenow much

lower(typically of theorderof 3 m a� 1) andagreebetterwith theobservedvalues.Fromthis it

mustbeconcludedthatJenningsbreenis atpresentindeedalocalglacier, or alternatively, hasto

begrosslyout of equilibrium.However, if theglaciersurfaceelevationwould increase(glacial

stage)Jenningsbreenwouldnotbealocalglacier, but wouldindeedbecomearealoutletglacier

suchasGunnestadbreen.

3.5 Sensitivity study

Let’s turn to the centralquestionnow of what factorsmay be decisive to explain a surface

elevation shift of some300–350m in the centralSør Rondanemountainarea,as suggested

by glacial-geologicalevidence(Hirakawa et al., 1988). As mentionedin the introduction,we

forcedthe respective referencerunsby shifts in environmentalconditions,thoughtto be rep-

resentative for “glacial” conditions(e.g. Jouzelet al., 1987). The following scenario’s were

tested:(i) a generalloweringof accumulationratewith 50%,(ii) a decreasein temperatureat

sea-level with 11� C, (iii) a loweringof sea-level with 150m, (iv) a shift of the ice divide 200

km towardstheinterior, andseveralcombinationsof theseelements.Themodelthenransome

200000yearsforwardin time,whenaclearstationarystatewasestablished.

Resultsof thesesensitivity experimentsfor Jenningsbreenareshown in Fig. 3.5. As canbe

judgedfromthisfigure,by farthemostdecisivesingleenvironmentalparameterisatemperature

dropof 11K, thatstiffenstheiceandconsequently, resultsin abuildup(Fig. 3.5,curve2). This

effect is thenfurtherenhancedby loweringsealevel, thatresultsin a smalladditionalseaward

migrationof thegroundingline by some20 km (Fig. 3.5, curve 5). However, colderclimates

in theAntarcticarebelievedto beaccompaniedby reducedaccumulationrates,mainlybecause

colderair cancarry lessprecipitablemoisture. As becameclear in the Vostokdeepice-core

results(e.g.Loriusetal., 1985),thisdependenceis particularlyapparentovertheEastAntarctic

Plateau.Althoughsucharelationis lessobviousin coastalareas,whereaccumulationprocesses

arenot quite the sameason the plateau,curves4 and7 (Fig. 3.5) show the modeloutcome

whenaccumulationrateshave beenreducedby 50%. This representsa counteractingeffect,
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Figure3.4: Depth-averaged horizontalvelocity (upperpanel)and basal temperature (lower

panel)in theinterglacial referencerun for Gunnestadbreen.

althoughof lesseramplitudethanthe temperatureresponse,andthe shift in surfaceelevation

now amountsto 150–200m.

A possibleexplanationfor theselowerelevationshifts,ascomparedto Hirakawa’svalues,may

bedueto thefactthatthegroundingline doesnotseemto movemuch,evenin casesealevel is

loweredby 150m. This maybedueto shortcomingsin themodelor indicatethat thepresent

flowline approachis not accurateenoughin view of the ruggedsubglacialbed topography.

However, it seemsequallylikely that the imposedlate-Quaternaryglacial-interglacial shift is
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just not of sufficient amplitudeto produceimportantgroundingline migration. To investigate

this point somewhat further, the groundingline wasprescribedto take its maximumpossible

position,i.e. at theedgeof thecontinentalshelf. Sucha displacementby about120km of the

groundedice sheetmayhave resulted,for instance,from tectonicor isostaticuplift in former

times.Additionally, we imposeda shift of theice divide200km furtherinland,thatmayhave

followedchangesin the flow patternon the EastAntarctic ice sheetduring large glaciations.

Resultsof thisadmittedlyratherspeculativeexperimentarecomparedwith our“standardglacial

run” in Fig. 3.6. It is interestingto notethat a displacementof the ice divide influencesthe

ice sheettopographyonly marginally, and that the effect fadesout when the mountainsare

approached(Fig. 3.6, curve 1). On the otherhand,the positionof the groundingline hasa

marked influence(Fig. 3.6, curve 2). In particular, downstreamthe mountainrangeand the

ice fall, importantchangesof 500 m and more do show up now, and not surprisingly, their

magnitudeincreaseswith decreasingdistancefrom the groundingline. Fig. 3.7 shows this

extremeglacial situationcovering the greaterpart of the Sør Rondaneand leaving only the

highestpeaksof the mountainrangeas isolatednunataks.So, from this experimentit must

beconcludedthata largerelevationshift, morein accordancewith thefield data,canonly be

explained,whenanadditionalforwardgrounding-linemigrationis assumed.

Figure3.5: Jenningsbreenflowline: absolutechangesin icethicknessaccordingto thedifferent

sensitivityexperiments; (1) ∆M, (2) ∆T, (3) ∆Hsl, (4) ∆T ∆M, (5) ∆T ∆Hsl, (6) ∆M ∆Hsl (7)

∆T ∆M ∆Hsl, with ∆M a massbalanceloweringof 50%,∆T a decreasein temperature with

11Kand∆Hsl a sea-leveldropof 150m.
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Figure3.6: Jenningsbreenflowline: shift in surfaceelevationrelativeto thereferencerun (1):

icedividedisplaced200kminland(2) groundingline at theedgeof thecontinentalshelf.

Figure3.7: TheJenningsbreenflowlinein a “maximal glaciation” modelrun

3.6 Discussion

Onthebasisof alargeamountof geomorphologicalandglacio-geologicalevidence(icesmoothed

surfaces,rochesmoutonnées,erratics,morainecover,...) Hirakawa et al. (1988) presenta
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palaeogeographicalreconstructionof a “maximum” glacial stagein the centralSørRondane.

In Fig. 3.8 bothHirakawa’s profiles(presentandglacial) andour modelresultsfor Jennings-

breen(in the “standardglacial run”, Fig. 3.5, curve 7 andin anearlierCenozoicglacialstage

whereasthe groundingline reachesthe edgeof the continentalshelf, Fig. 3.6, curve 2) are

shown together. Hirakawa’sprofilesshow theconspicuousadvanceof theice fall nearthehead

of Jenningsbreenassociatedwith areducedrisein topographyonthelowerpartascomparedto

therelative importantriseof thesurfaceupstreamtheice fall. In contrastwith this reconstruc-

tion, our resultsof the earlierCenozoicglaciationshow the surfaceelevation rise to be more

importantbelow theice fall thanon theadjoiningplateau.In fact,on a physicalbaseit cannot

be justified that the thickeningbelow the ice fall would be lesspronouncedthana thickening

upstream.High surfaceandbedrockgradientsat theice fall imply small ice thicknesschanges

dueto largesurfacevelocities,while amigrationof thegroundingline towardsthenorthresults

in anice thickeningdownstream.A largegroundingline migration(Fig. 3.6,curve2) resultsin

importantchangesof 500m andmoredownstreamthemountainrangeandthe ice fall, while

the ice sheetat the plateauis influencedonly marginally. This meansthat the SørRondane

dampsice changesat the plateau.Anotherdiscrepancy with Hirakawa’s resultsconcernsthe

advancementof theice fall. Thefactthatourmodeldoesnot accountfor a largerdisplacement

maybedueto thelargesurfacegradients.

Figure3.8: A comparisonbetweenHirakawa’spalaeogeographicalreconstructionat maximum

glaciation(dashedline) andour glacial modelrun for Jenningsbreen(solid line)
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3.7 Conclusions

In this study, anattemptwasmadeto interpretobservedglacierfluctuationsin thecentralSør

Rondanemountainsby numericalmodellingof its glaciersystem.In spiteof someof theap-

proximationsinvolved,themodelwasshown to beableto accountfor majorcharacteristicsof

thepresentglaciergeometry. A comparisonwith apalaeogeographicalreconstructionof amax-

imum glacialstagein theSørRondanerevealedthatdepositswerenot from a lateQuaternary

glaciationbut shouldbefrom a full grown icesheet,i.e. anearlierCenozoicglaciation.

As asfinal remark,however, it shouldbestressedthatourresultsrelatetosteadystateconditions

andinvolveenvironmentalscenario’sof a ratherschematicnature.Thismaybeseenasadraw-

back,but sincethe interestwasin an orderof magnitudeestimate,a moredetailedapproach

would probablynot be justified here. Also, we have no reasonsto believe that this approach

determinesourmodeloutcomein thesensethatresultscouldbecomeentirelydifferent.
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Paper 4

Numerical modelling of a fast-flowing
outlet glacier: experimentswith differ ent

basalconditions

Pattyn,F. 1996.Numericalmodellingof a fast-flowingoutletglacier: experimentswith different

basalconditions.Annalsof Glaciology23: 237–246

ABSTRACT. Recentobservationsin ShiraseDrainageBasin,EnderbyLand,Antarc-

tica, show that the ice sheetis thinning at a considerablerateof 0.5–1.0m a  1. Surface

velocitiesin the streamareareachmore than 2000 m a  1, making ShiraseGlacier one

of the fastestglaciersof EastAntarctica. A numericalinvestigationof the presentstress

field in ShiraseGlaciershows theexistenceof a large transitionzoneof 200km in length

wherebothshearingandstretchingareof equalimportance,followedby a streamzoneof

approximately50km, wherestretchingis themajordeformationprocess.

In orderto improvetheinsightin thepresenttransientbehaviour of theice-sheetsystem

atwo-dimensionaltime-dependentflowline modelhasbeendeveloped,takinginto account

the ice-streammechanics.Both bedrockadjustmentand ice temperatureare taken into

account,andthetemperaturefield is fully coupledto theice-sheetvelocityfield.

Experimentswerecarriedout with differentbasalmotion conditionsin order to un-

derstandtheir influenceon thedynamicbehaviour of the ice sheetandthe ice streamarea

in particular. Resultsrevealedthatwhenbasalmotionbecomesthedominantdeformation

process,(partial) disintegration of the ice sheetis counteractedby colderbasal-icetem-

peraturesdueto higheradvectionrates.This givesrise to a cyclic behaviour in ice-sheet

responseandlargechangesin local imbalancevalues.

87
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4.1 List of symbols

a Arrheniusconstant (Pa¡ n a¡ 1)

A Iceflow-law parameter (Pa¡ n m¡ 2n a¡ 1)

As Sliding law parameter

b Flow-bandwidth (m)

cp Specificheatcapacity (Jkg¡ 1 K ¡ 1)

D Diffusioncoefficient (m2 a¡ 1)

g Gravitationconstant (9.81m s¡ 2)

G Geothermalheatflux (-54.6mW m¡ 2)

h Bedrockelevationabovepresentsealevel (m)

H Ice thickness (m)

ki Thermalconductivity of ice (Jm¡ 1 K ¡ 1 a¡ 1)

L Specificlatentheatof fusion (3.35105 Jm¡ 1 K ¡ 1 a¡ 1)

m Flow-enhancementfactor

M Surfacemassbalance (m a¡ 1 iceequivalent)

N Effectivenormalpressure (Pa)

n Glenflow-law exponent (3)

p Sliding-law coefficient (0-3)

Pg Pressuregradient (Pam¡ 1)

q Sliding-law coefficient (0-2)

Q Activationenergy for creep (Jmol¡ 1)

Qw Waterflux (m3 s¡ 1)

R Universalgasconstant (8.314J mol¡ 1 K ¡ 1)

Ri j Resistivestress (Pa)

S Basal-meltingrate (m a¡ 1 iceequivalent)

t Time (a [year])

T Ice temperature (K)

T0 Absolutetemperature (273.15K)

T ¢ T relative to pressuremelting (K)

u Horizontalvelocity (m a¡ 1)

us Basal-slidingvelocity (m a¡ 1)

U Verticalmeanhorizontalvelocity (m a¡ 1)

w Verticalvelocity (m a¡ 1)

x Horizontalcoordinate (m)

z Verticalcoordinate (m)

β Geometricconstant ( £ 2.0)
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δ Water-film depth (m)

δc Critical particlesize (m)

δi j Kronecker delta

∆ζ Horizontalgradientatdepthζ
ε̇e Effectiveshear-strainrate (a¤ 1)

ε̇i j Shear-strainrate (a¤ 1)

γg G¥ ki (geothermalheat) (K m¤ 1)

κ Boundaryvalue (0 (surface)or 1 (bottom))

Λ Lithostaticstresscomponent (Pa)

µ Viscosityof water (1.810¤ 3 Pas)

ρ Icedensity (910kg m¤ 3)

ρs Sea-waterdensity (1028kg m¤ 3)

σn Normalstressat thebase (Pa)

σb Ice-shelfback-pressure (Pa)

υ Temperaturecorrectionfactor (0.0-0.1¦ C¤ 1)

τb Basalshearstress (Pa)

τe Effectivestress (Pa)

τd Driving stress (Pa)

τi j Stress (Pa)

τ §i j Stressdeviator (Pa)

ζ Verticaldimensionlesscoordinate

4.2 Intr oduction

The dynamicbehaviour of a large polar ice sheetis well understood;groundedice flow is

basicallygovernedby shearingcloseto the bed. In its mostsimplistic form, the basalshear

stressequalsicedensitytimesgravity timesoverburdendepthtimessurfaceslope,whichHutter

(1993)definedastheglaciologist’sfirst commandment.However, likeany physicalsystem,an

ice sheetis not only controlledby its internaldynamicsbut alsoby its boundaryconditions,

which arelesswell understood.Theenvironmentalprocessessuchassurfacetemperatureand

massbalanceact as the upperboundaryand are in many ice-sheetmodelsregardedas the

externalsystemforcing. The presentenvironmentalconditionstherebyserve asa reference.

Thetwo remainingboundaries,onwhichwewill furtherconcentratein thispaper, arethebasal

motionasa lowerandthemargin dynamicsastheouterboundarycondition.Thebasalvelocity

dependson the internalice dynamics,thebedrockconditionsandthepresenceof waterat the

ice-sheetbase. Basalvelocity will thusplay a role whenthe temperatureof the basalice is
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at meltingpoint andwill gainmoreimportancecloseto themargin whereit interactswith the

margin icedynamics.

Whentheice-sheetmargin terminatesat theseain theform of a floatingice shelf,a transition

zonecanbedefinedwheretheice-sheetdynamicsgraduallyevolvetowardsice-shelfdynamics.

Elaboratestudiesonthisgroundingzonehaverevealedthatfor smallbasalmotionthewidth of

thetransitionzoneis of thesameorderof magnitudeastheice thickness,sothatthegrounding

zoneis reducedto a groundingline and the shallow-ice approximationstill holds, provided

that thereis no passive groundingof the ice shelf. A full derivation of the Stokes balance

equationsis not necessary;it suffices to calculatethe longitudinal stressdeviator along the

groundingline andprescribea longitudinalstressgradient(vanderVeen,1987). Grounding-

line movementis thusonly governedby ice-sheetmechanics(Hindmarsh,1993).Thissituation

is the commonestouter boundaryat the edgeof the EastAntarctic ice sheetwherea steep

surfaceslope,characterizinggroundedice,abruptlychangesto a smallsurfacegradientwhere

theicebeginsfloating.

However, largeamountsof Antarctic ice arenot drainedalongthesemarginsbut throughfast

outletglaciersor icestreams,whicharebelievedto bemoresensitiveto environmentalchanges.

Theseice streamsarecharacterizedby largebasalvelocities,relatively smallsurfacegradients

anda low basaltraction.Theinternalice dynamicsinvolvenot only shearing,but alsolongitu-

dinal stretching,thusviolating thefirst commandment.In WestAntarctica,whereice streams

areacommondrainagefeature,they areableto destabilizetheicesheet.

TheEastAntarcticicesheetis alsoin someplacesdrainedby largeicestreams,suchasLambert

Glacier, Jutulstraumen,ShiraseGlacieror SlessorGlacier. In thispaperwewill focusonShirase

Glacier(70̈ S, 39̈ E) in EnderbyLand(Fig.4.1). This importantcontinentalice streamdrains

about90%of thetotal icedischargeof ShiraseDrainageBasincoveringapproximately200000

km2. This S-shapedbasinextendsfrom the polar plateaunearDomeF (77̈ 22’S, 39̈ 37’E)

to Lützow-Holmbukta. ShiraseGlacier is oneof the fastest-flowing Antarctic glaciers,with

velocitiesup to 2700m a© 1 in the ice-streamregion (Fujii, 1981). The ice flow in thecentral

drainagebasinis furthermorecharacterizedby large submergencevelocities(Naruse,1979).

Consecutive measurementsin this area(Naruse,1979;Nishio et al., 1989;Toh andShibuya,

1992)have pointedto a large thinningraterangingfrom 0.5 to 2.0 m a© 1 in theregion where

thesurfaceelevationis lowerthan2800m. Kamedaetal. (1990)concludedfrom astudyof the

total gascontentsof ice coresin this areathat thethinning is a ratherrecentphenomenonand

thattheicesheetsurfacedecreasedby some350m duringthelast2000years.

In a previouspaper, PattynandDecleir(1995a)simulatedthedynamicalbehaviour of theShi-

raseDrainageBasin during the courseof the last glacial–interglacial cycle. Exceptfor the

ice-streamarea,the modelwasableto describethe main featuresof the drainagebasin. The
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Figure4.1: Locationmapof ShiraseDrainage Basin. Thedashedline representsthe central

flowline, asprimary input for themodellingexperiments.Theflowlinestartsat domeF, follows

more or lessthe40ª E meridiantowardsLützow-Holmbukta,andendsat ShiraseGlacier in a

floatingice tongue.

presentpaperfocuseson theprocessesin the streamareaandnearthebasalboundary, which

we think areimportantin controllingtheenhancedthinningof the ice sheet.First, thepresent
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forcebalanceof thestreamareais calculatedprogressively from thesurfaceof thepresentice

sheet(asdisplayedin Fig. 4.2; usingthe observed surfacevelocity asan upperboundary)to

thebottom,accordingto themethodproposedby vanderVeenandWhillans(1989).This ex-

perimentis describedin Section4.6. Secondly, by inverting this method,the total stress-field

derivationis incorporatedin anice-sheetsystemmodel,wherethecalculationsstartat thebot-

tom (basalvelocity) andprogresstowardsthe ice-sheetsurface,asexplainedby vanderVeen

(1989). In the lattercase,sensitivity experimentsarecarriedout with differentdescriptionsof

the basalmotion in orderto understandthe ice-sheetresponsein time. Therefore,we took a

simpleice-sheetconfigurationasgivenin Fig. 4.3, in orderto reducelocal effectsimposedby

theShiraseGlacierbedrocktopography. An S-shapedbasinform waskeptto take into account

thelargeconvergencein thestreamarea.
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Figure4.2: Geometriccharacteristicsof theShiraseGlacierflowline.

4.3 Velocity and stress-fieldcalculation

The numericalice-sheetsystemmodel usedin this study is a dynamicflowline model that

predictsthe ice-thicknessdistribution alonga flowline in spaceandtime aswell as the two-

dimensionalflow regime(velocity, strainrateandstressfields)andtemperaturedistribution in

responseto environmentalconditions.

A Cartesiancoordinatesystem(x, z) with thex axisparallelto thegeoidandthezaxispointing

vertically upwards(z = 0 at sealevel) is defined. Startingfrom the known bedrocktopogra-
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Figure4.3: Geometriccharacteristicsof thesteady-statereferenceice sheetfor themodelling

experiments.

phy andsurfacemass-balancedistribution,andassuminga constantice density, thecontinuity

equationis usedto form anevolutionequationfor theice thicknessH where

∂H
∂t «b¬ 1

b
∂ ­ UHb®

∂x ¯ M ¬ S (4.1)

with U thedepth-averagedhorizontalvelocity, H theicethickness,M thesurfacemassbalance,

andS themeltingrateat thebaseof theice sheet.Divergenceandconvergenceof theice flow

aretakenintoaccountin thecalculationof thevariationof theiceflux alongtheflowline through

theparameterb, indicatingthewidth of theflow bandandtakenperpendicularto theflowline.

Boundaryconditionsto the ice-sheetsystemarezerosurfacegradientsat the ice divide anda

floatingiceshelfat theseawardmargin.

For the derivationof the two-dimensionalstressfield in the ice-sheetsystem,the methodde-

scribedby vanderVeenandWhillans(1989)andvanderVeen(1989)wasfollowedasmain

reasoning.For numericalconvenience,a dimensionlessverticalcoordinateis introducedto ac-

countfor ice-thicknessvariationsalongtheflowline, which is definedasζ « ­ H ¯ h ¬ z® ° H, so

that,ζ = 0 attheuppersurfaceandζ = 1 atthebaseof theicesheet.Themajorassumptionmade

in themodelformulationis to considerplanestrain,so thatall stresscomponentsinvolving y

areneglected.In thisway, theEulercontinuumin two dimensionsis writtenas

∂τxx

∂x ± ζ ¯ 1
H

∆ζ
∂τxx

∂ζ ¬ 1
H

∂τxz

∂ζ « 0 ² (4.2)
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∂τxz

∂x ³ ζ ´ 1
H

∆ζ
∂τxz

∂ζ µ 1
H

∂τzz

∂ζ ¶ ρg (4.3)

where

∆ζ ¶ ∂ · H ´ ḩ
∂x µ ζ

∂H
∂x ¹ (4.4)

Following Whillans(1987)andvanderVeenandWhillans(1989),the full stresscomponents

from Eq. 4.2 and4.3 arepartitionedinto a resistive (Ri j ) andanda lithostatic(Λ) component,

sothat

τi j ¶ Ri j ´ δi jΛ; Λ ¶�µ ρgHζ (4.5)

with δi j theKronecker delta,equalling1 wheni = j and0 otherwise.Introducingtheresistive-

stresscomponentinto Eq.4.2andintegratingfrom theboundaryκ to ageneraldepthζ in theice

sheetresultsin anexpressionfor theresistive-shearstress.Theboundaryvalueκ is introduced

sothatcalculationscanstartfrom thesurface(κ = 0) aswell asfrom thebottom(κ = 1) of the

ice sheet. The startingconditionκ = 0 is appliedin the diagnosticrun, (seelater) while the

startingconditionκ = 1 is usedin the modellingexperiments.Resistive stressescanthenbe

replacedby shear-strainrates,throughtheconstitutiverelationandtherelationbetweenthefull

stresstensorandthedeviatoricstress.Glen’sflow law is usedasconstitutiverelation(Paterson,

1994). Theresultingequationthenbecomes(vanderVeenandWhillans,1989;vanderVeen,

1989)

Aº 1» nε̇ ¼ 1» n½ º 1
e ε̇xz· ζ ¸ ¶ τκ ´ · ζ µ κ ¸ τd ´ ∂

∂x ¾ ¿ ζ

κ
2HAº 1» nε̇ ¼ 1» n½ º 1

e ε̇xx · ζ ¸ dζ À Á
´ 2∆ζAº 1» nε̇ ¼ 1» n½ º 1

e ε̇xx · ζ ¸ ´ ∆ζRzz ´ ∂
∂x ¾ ¿ ζ

κ
HRzzdζ À Á (4.6)

κ ¶ 0 ¶�Â τκ ¶ Rxz· 0̧ µ Rxx · 0̧ ∂ · H ´ ḩ
∂x ¶ 0 (4.7)

κ ¶ 1 ¶�Â τκ ¶ Rxz· 1̧ µ Rxx · 1̧ ∂h
∂x ¶ τb Ã (4.8)

whereτd is thedrivingstress(τd ¶Äµ ρgH∇ · H ´ ḩ ). Eq.4.6canbeintegratednumericallyfrom

thesurface(κ = 0) or from thebottom(κ = 1) of theicesheetwith boundaryconditions4.7and

4.8, respectively. Theflow-law parameterA is a functionof temperatureT Å (correctedfor the

dependenceof the meltingpoint on pressure(T Å = T0 - 8.7 10º 4 H) andobeys an Arrhenius

relationship(Paterson,1994):
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A Æ maexp ÇÉÈ Q
RTÊÌË (4.9)

wherea = 1.1410Í 5 PaÍ n aÍ 1 andQ = 60kJmolÍ 1 for T ÊÏÎ 263.15K, a = 5.741010 PaÍ n aÍ 1

andQ = 139kJ molÍ 1 for T ÊÑÐ 263.15K.

An expressionfor theverticalresistive stressis obtainedby vertically integratingEq.4.3 from

thesurfaceto a depthin the ice sheetζ. After algebraicmanipulationsimilar to thederivation

of Eq.4.6,theverticalresistivestresscanbewrittenas

RzzÒ ζ ÓÔÆ σκ Õ ∆ζAÍ 1Ö nε̇ × 1Ö nØ Í 1
e ε̇xzÒ ζ Ó Õ ∂

∂x Ù Ú ζ

κ
HAÍ 1Ö nε̇ × 1Ö nØ Í 1

e ε̇xzÒ ζ Ó dζ Û Ü (4.10)

κ Æ 0 Æ�Ý σκ Æ RzzÒ 0Ó È RxzÒ 0Ó ∂ Ò H Õ hÓ
∂x

Æ 0 (4.11)

κ Æ 1 Æ�Ý σκ Æ RzzÒ 1Ó È RxzÒ 1Ó ∂h
∂x
Æ σn (4.12)

whereEq. 4.11 and 4.12 apply to the boundaryconditionsat the surfaceor at the bottom,

respectively. Strainratesareby definitionrelatedto velocitygradients,suchthat

ε̇i j Æ 1
2 Ù ∂ui

∂x j
Õ ∂u j

∂xi
ÜÉÆ AτnÍ 1

e τ Ûi j Þ (4.13)

Introducingthescaledverticalcoordinatesystemandapplyingtheincompressibilitycondition

(∂u
∂x Õ u

b
∂b
∂x Õ ∂w

∂z Æ 0) an expressioncanbe found for the normalstrain rate in the horizontal

direction.Boundaryconditionsto this systemof equationsarea stress-freesurfaceandknown

horizontalandvertical ice velocitiesat the surfaceor at the basallayer. The whole velocity

field canbe calculatedfrom the ice-sheetgeometrytaking into accountthe properboundary

conditions.Thenumericalsolutionto theabove-describedequationshasbeenexplainedin van

der Veen(1989)andbriefly hereafter. Oncethe two-dimensionalvelocity field is calculated,

horizontalice fluxes,which arerelatedto therateof ice-thicknesschangethroughEq. 4.1 are

found by integratingthe horizontalvelocity from the bottomof the ice sheetto the surface,

hence

UH Æ H Ú 1

0
u Ò ζ Ó dζ Û Õ usH (4.14)

whereus is thebasal-slidingvelocity, whichwill bedefinedlater.
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4.4 Ice temperatureand isostaticbedrock adjustment

Thetemperaturedistribution in anicesheetis governedbothby diffusionandadvection,andis

thereforedependentnot only on boundaryconditionssuchassurfacetemperatureandgeother-

mal heatflux but alsoon ice velocity. The thermodynamicequationcan thus be written as

(HuybrechtsandOerlemans,1988;Ritz, 1989)

∂T
∂t ß ki

ρcpH2

∂2T
∂ζ2 à u á ζ â ∂T

∂x ã ζà 1
H

∂T
∂ζ ä ∂ á H å hâ

∂t
å u á ζ â ∂ á H å hâ

∂x à ζ æ ∂H
∂t
å u á ζ â ∂H

∂x ç à w á ζ âéè
à 1

ρcpH
∂u
∂ζ

τxzá ζ â (4.15)

with T temperature,andki andcp thethermalconductivity andthespecificheatcapacity, respec-

tively. Theheattransferis thusa resultof verticaldiffusion,horizontalandverticaladvection

andinternaldeformationcausedby horizontalshear-strainrates.Boundaryconditionsfollow

from the annualmeanair temperatureat the surface,andthe geothermalheatflux (enhanced

with heatfrom sliding)at thebase(Ritz, 1987)sothat

æ ∂T
∂ζ ç ζ ê 1 ß H

ki
æ ρgH

∂ á H å hâ
∂x

u á 1â à γgçÏë (4.16)

whereγg is the geothermalheatenteringthe ice at the base,andtaken asa constantfor the

line of experimentsdiscussedhere.Thebasaltemperaturein the ice sheetis keptat pressure-

meltingpoint whenever it is reached,andthesurplusenergy is usedfor melting. This may, in

somecases,leadto theformationof a temperateice layerbetweenζ ß 1 andζ ß ζmelt, sothat

thebasal-meltrateS is definedas

S ß ki

ρHL
æéì ∂T

∂ζ í b
à ì ∂T

∂ζ í cç å 1
ρL î ζmelt

1

∂u
∂ζ

τxzá ζ â dζ ï (4.17)

whereindex b denotesthebasaltemperaturegradientasgivenin Eq.4.16andindex c denotes

thebasaltemperaturegradientaftercorrectionfor pressuremelting.In theiceshelf,thevertical

temperatureprofile is taken linearly with the surfacetemperatureasthe upperboundarycon-

dition anda constanttemperatureof -2ð C at thebottomof the ice shelf. Melting or refreezing

processesat theice–sea-watercontactarenot takeninto account.

Bedrockadjustmentto the ice load is calculatedasdescribedby OerlemansandvanderVeen

(1984). The elasticpropertiesof the lithospheredeterminethe ultimatebedrockdepression,
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while the viscosityof the underlyingastenospheredeterminesthe relaxationtime. The time-

dependentresponseis modelledby a diffusionequationfor bedrockelevation.

4.5 Numerical solution

Themainpartof thenumericalschemeconsistsof solvingthebalanceequation(Eq.4.6)for the

shear-strainrateatgeneraldepthζ. Therefore,velocitiesat thatdepthlayerandthevelocitiesof

the layerunderneathor above needto beknown. For modellingpurposes,integrationstartsat

thebedrock(κ = 1), conditionedby abasalvelocityandwhichis governedby bothbasalsliding

mechanisms,ice-streamandice-shelfflow. Furthermore,thebasalvelocity is influencedby the

two-dimensionalstressfield andvice versa,so that linking of the two mechanismsshouldbe

performeddynamically. van der Veen(1989)offers a solutionfor the integrationof the flow

field startingfrom thebed.Thenumericalcomputationis however rathertime-consuming,and

increaseswheneventuallya basalboundaryconditionis linkedto theflow field. However, by

choosinggoodinitial estimatesto thebasaldragandnormalstress,convergencecanbeattained

ratherrapidly, even whenbasalvelocity is influencedby the basaldrag. The final-flow field

determinationis stoppedwhenthestress-freesurfaceconditionis fulfilled, i.e. Eq.4.8and4.12.

Thetwo-dimensionalice-sheetsystemmodelis implementedonaflowline whichextendsfrom

the ice divide to the edgeof the continentalshelf. Becauseof the non-linearnatureof the

velocity in the ice sheet,the continuity equation4.1 is reformulatedas a non-linearpartial

differentialequationandwrittenas

∂H
∂t ñ 1

b ò xó ∂
∂x ô b ò xó D ò xó ∂ ò H õ hó

∂x ö õ M ÷ S (4.18)

with D ò xó a diffusioncoefficient which, in thegroundedice sheet,equalsthemassflux (UH)

dividedby thesurfacegradient.A solutionto thisequationcanbeobtainedby writing Eq.4.18

in theconservationform (Mitchell andGriffiths,1980).For thenumericalcomputation,asemi-

implicit schemewasappliedandnew ice thicknesseson the next time steparefound by the

solutionof a tri-diagonalsystemof equations.An implicit numericalschemewasadoptedfor

theice-temperaturefield, resultingin asimilarsetof tri-diagonalequations.

4.6 Diagnosticmodel run

The ice-sheetgeometryof ShiraseDrainageBasin(surfaceandbedrockelevation)wascom-

piled from Japanesetopographicmapsof the region. Surfacevelocitiesareknown at several
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siteson Mizuho Plateauandat theglaciermargin. More detailedreferenceto thecompilation

of theflowline data,presentmass-balanceandsurface-temperaturedistributioncanbefoundin

PattynandDecleir(1995a).Temperaturein theicesheetwascalculatedonthebasisof asteady

statetemperaturedistributionandcoupledto thevelocityfield by meansof theArrheniusrela-

tionship.

Adoptingthis ice-sheetconfiguration,it waspossibleto obtainthetwo-dimensionalstressand

strainfield in the ice sheet,from the ice divide to the edgeof the floating ice shelf, simply

startingfrom the presenthorizontalandvertical surfacevelocities. The presentsurfacemass

balancewasusedastheupperboundaryto theverticalvelocity. Theresultingeffective stress

distribution (incorporatingbothshearingandstretching)in theglacierarea(from a distanceof

600km from theicedividedown to thegroundingline) is displayedin Fig.4.4. In theupstream

areathe ice flow is primarily governedby shearstresses(down to 710 km from the divide),

becauseof therelativelyhighsurfaceslopesimposingalargedrivingstress.Theice-streamarea

itself (from 800km furtherdownstream)is almostsolelydrivenby longitudinalstretching,and

shearstressesarealmostnegligible. Betweenthesetwo areasbothshearstressandlongitudinal

stressareof thesameorderof magnitudeandform somekind of transitionzone.Despitethe

poorknowledgeon the detailedsurfaceandbedrocktopographyandsurfacevelocitiesin the

streamarea(700-850km from the divide), Fig. 4.4 depictsthe overall characteristicsof an

ice stream,i.e. a large horizontalvelocity gradientanda very small vertical gradientof the

horizontalvelocity (∂u
∂z ø 0). Thesefeaturesresemblemoreice-shelfbehaviour thangrounded

ice-sheetdynamics.

Vertical resistive stressesplay a role in thoseareaswherethe flow regime changes,i.e. from

shearingto stretchingandvice versa.They areof theorderof 1 to 5 kPa,almosttwo ordersof

magnitudesmallerthantheeffectivestress.

4.7 Basalvelocity

For modellingpurposes,thefull stressfield in anice-sheetsystem,whichconsistsof agrounded

icesheet,its groundingzoneor ice-streamareaandacouplediceshelf,is derivedstartingfrom

a basalboundarycondition. The calculationof the two-dimensionalice-velocity field is thus

reducedto a one-dimensionalproblem,in which thebasal-slidingmechanismin theice sheet,

the ice-streamflow mechanismandthe ice-shelfflow needsto bedetermined.Sincethebasal

boundaryconditionis iteratively updatedwith thederivationof thetwo-dimensionalflow field,

thefinal solutionis a two-dimensionalone.

The ice shelf is simply takenasa freely floating ice shelfboundedin a parallel-sidedbay, so
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Figure4.4: Two-dimensionalmapof theeffectivestressfield in thedownstreamareaof Shirase

Glacier.

that all stressesin the y-directioncanbe setto zero. Vertical shearingis omitted,so that the

forcebalanceequationreducesto

2
∂ ù Hτ ú xxû

∂x ü ρgH
∂ ù H ý hû

∂x þ (4.19)

In order to calculatethe longitudinaldeviatoric stressfrom this equilibrium, its valueat the

seawardedgeof theshelfmustbeknown. Here,thetotal forceof the ice mustbebalancedby

thesea-waterpressure(Thomas,1973),sothat

τ úxx ù eû ü τ ú xx ù eû ü 1
4

ρgH ÿ 1 � ρ
ρs

� � σb þ (4.20)

Using this expressionto calculatethe longitudinalstressdeviator at the edgeof the ice shelf,

Eq.4.20is thenintegratedupstreamto yield thelongitudinaldeviatoric stressin thewholeice

shelf. Oncethe vertical meanhorizontalvelocity at the groundingline is known, the verti-

cal meanhorizontalice-shelfvelocity (which equalsthebasalvelocity) is calculatedfrom the

definitionof thenormalstrainratesandtheconstitutiverelation:

ε̇xx ü ∂u
∂x ü Aτ ú nxx þ (4.21)

Thetemperature-dependentflow-law parameterA is takenasa constantin thewholeice shelf,

basedon themeanice-shelftemperature.



100 ICE SHEETDYNAMICS IN DRONNING MAUD LAND

Basalsliding of the groundedice sheetcanoriginatefrom sliding of the ice over its bedand

deformationof the beditself, the latter if the bedconsistsof sedimentssaturatedwith water

at a pressurethat closelymatchesthe ice-overburdenpressure.Sliding is thusonly expected

wherethebasalice is at meltingpoint (Paterson,1994). In polar ice streams,theorigin of the

basalwateris mostlikely dueto basalmeltingprimarily causedby strainheating.Percolation

of surfacemelt waterandthe formationof intra-glacialchannelsandmoulinsmight thusbe

neglected. In most sliding laws, derived from laboratoryexperimentsand datafitting from

observedvalues,basalslidingis afunctionof theshearstressat thebase,bedroughnessandthe

effectivenormalpressureat thebase,thelatterequallingtheiceoverburdenpressureminusthe

waterpressureat thebaseof theicesheet.A generalsliding law hastheform of (Bindschadler,

1983;Buddetal., 1984;BuddandJenssen,1987;vanderVeen,1987)

us � Asτp
bN � qexp � υ � T ��� T0 	 
 (4.22)

wherep andq arepositive numbersrangingbetween0 and3 andtheexponentialterma cor-

rection for the basaltemperature,introducedby Budd andJenssen(1987). For glaciersthat

terminatein the sea,subglacialwaterpressureat the groundingline may be calculatedfrom

the flotationcriterion, so that the effective normalpressureN is proportionalto the heightof

the glacier surfaceabove buoyancy. In someflow modelsof the Antarctic ice sheet(Budd

et al., 1984;Huybrechts,1990a),theeffective pressureis calculatedin thesamefashionover

thewholemodeldomainandnot only at thegroundingline. However, thephysicalrestriction

is that thebedrockshouldlie beneathsealevel andthat thewaterpressureoriginatesfrom sea

waterinfiltrating at thegroundingline andmoving in theupstreamdirection.Sincethis typeof

parameterizationis widely usedin ice sheetmodels,it is adoptedfor thecalculationof sliding

type2 and5 in Table4.1(denotedby HAB).

Subglacialwater pressureor the pressuregradientunderneaththe ice sheetcan be derived

from theexistenceof subglacialchannelsand/orcavities. Bindschadler(1983)appliedtheso-

calledRöthlisberger-channels(Rötlisberger, 1972)for thederivationof effective normalpres-

surein Antarcticicestreams.Thetheoryandphysicalbackgroundof theformationof channels

andcavities is very complicatedandis highly dependenton the detailedbedrocktopography

(bumps).Sincebasalconditionsat ShiraseGlacierarehardlyknown, theuseof suchphysical

principlesremainshighly speculative.

A morestraightforwardtreatmentof thebasalwaterflow is to considerawaterfilm underneath

theice sheet.Accordingto WeertmanandBirchfield (1982),thesliding velocity is dependent

on thedepthof thewaterlayerδ andthecritical particlesizeδc sothat
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Table4.1: Constantsand parameters for the different basalvelocity laws. HAB = effective

normalpressure calculatedfromtheheightabovebuoyancy(seetext). Thenumbers between

bracketsreferto theequationin thetext.

Type Author us law N As p q υ δc

1 B (4.23) — 1.510� 1 0 — — 1.010� 4

(m a� 1) (m)

2 B (4.22) HAB 5.0109 1 2 0.1 —

(N m� 1 a� 1) ( � C� 1)

3 A (4.22) (4.25) 0.8105 1.33 1.8 0.0 —

(Pa0
 47 m a� 1)

4 A (4.23) — 2.010� 11 2 — — 1.010� 4

(Pa� 2 m� 1 a� 1) (m)

5 V (4.22) HAB 2.010� 7 3 1 — —

(N � 2 m5 a� 1)
B = BuddandJenssen(1987);A = Alley etal. (1989);V = vanderVeen(1987)

us � Asτp
b � 1 � 10

δ
δc � if δ � δc �

us � 10Asτ
p
b

δ
δc

if δ � δc (4.23)

and

δ � � 12µQw

Pg � 1
3

(4.24)

whereQw is the waterflux per unit width, calculatedthroughdownstreamintegrationof the

basalmeltingrateandPg thepressuregradient(Alley, 1989).

In theanalysisabove, theglaciermovesover anundeformablebed,andthewateractsasa lu-

bricationlayerbetweenthebedrockandtheice. However, in thepresenceof subglacialtill, it is

very likely that,whenever this till layerbecomessaturated,thedrainageis alongthetill and/or

bed(WalderandFowler, 1994).Whenthetill layer is sufficiently thick deformationof thetill

layer (beddeformation)canoccur(Alley, 1989). Combinationof all theseprocesses(cavities

in ice andtill, subglacialaquifers)obviously make the basalsliding mechanismvery compli-

cated.Nevertheless,Alley et al. (1989)incorporatedin a simplifiedway thebeddeformation.

Neglectingthe shearstrengthof the till andsettingthe effective pressure(N) independentof

depth,thebeddeformationvelocity thentakestheform of theslidingvelocityEq.4.22without

theexponentialterm.Theeffectivepressure(N) is calculatedas(Alley etal., 1989)
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N � βτb

1 � 0 � 1log10δ
(4.25)

wherethedenominatorrepresentsthefractionof thebedoccupiedby thewaterfilm with depth

δ, andβ ageometricconstantrelatedto thebedroughness(β � 2.0in theanalysisof Alley etal.

(1989)).

In total, we consideredfive differentbasalvelocity laws, basedon threedifferentbasalmove-

mentconcepts:(i) basalsliding relatedto basalshearstressandeffective normalpressureat

thebed,(ii) sliding dueto thepresenceof a waterfilm and(iii) till deformationat the ice–bed

interface.Thecoefficientsfor thedifferentbasal-motionlawsaregivenin Table4.1.

4.8 Sensitivity experiments

For thestandardmodelrun, we considereda linearslopingbedrock,with anelevationof 500

m a.s.l. at thedivide,away from it graduallyloweringby 150m per100km, anda horizontal

grid sizespacingof 10 km. In theverticaldomain,20 layersweredefinedwith thelower layer

spacingof ∆ζ = 0.015,graduallyincreasingtowardsthe top. Startingfrom the initial bedrock

conditionwedevelopedanicesheetboundedby thesurfacemassbalanceandtemperaturecon-

figurationasobtainedfrom dataof ShiraseDrainageBasin(PattynandDecleir, 1995a).Taking

thissimplebedrocktopography, localextraneouseffectsinteractingwith thebasalmotionlaws

areexcluded.Only anS-shapedbasinform andtheupperboundary(surfacemassbalanceand

temperature)arein accordwith the presentobservations. After 40 000 yearsof calculationa

full-grown steady-stateice sheetwasobtainedwith a bedrocklying approximately400m be-

low sealevel (dueto bedrockadjustment)anda temperaturefield coupledto thevelocityfield.

Basalvelocity wasexcludedfrom this standardrun. The groundingline wassituatedat 470

km distancefrom theicedivideanddeterminedby theflotationcondition(Fig. 4.2).Usingthis

steady-statesituationasa reference,themodelranforwardagain20 000yearsconstrainedby

oneof thefiveselectedbasalmotionlaws. Accordingto Fig. 4.5,theproportionof basalmove-

mentin thetotal balancevelocity is highly dependenton thebasalmotiontype. Basal-sliding

types2, 4 and5 show a gradualincreasein the proportionof basalmotion in the total veloc-

ity towardsthegroundingline. ThesearetheBuddandvanderVeentypebasedon Eq. 4.22,

with the effective pressureindependentfrom the waterproductionat the ice-sheetbase,and

theAlley type for a waterfilm (Eq. 4.23). Thesethreetypesarea functionof thebasalshear

stress,which increasestowardsthegroundingline. However, thetill deformationlaw (type3)

alsodependson the basalshearstress,ascanbeseenin Table4.1, but looking closelyat the

governingequationsfor this type,onenoticesthatthebasalshearstressalsoenterstheeffective
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pressure(N) throughEq. 4.25,sothat thebasalmotionin factbecomesinverselyproportional

to the basalshearstressdueto the power constantsp andq (1.33and1.8 respectively). The

remainingtypes1 and3 (sliding over a waterfilm andtill deformation)arecharacterizedby

a suddenincreasein basalvelocity wherethe basal-icetemperaturereachespressure-melting

point, andtheproportionof thebasalmotionin thetotal velocity decreasesin thedownstream

direction. Both experimentscreatean ice sheetwith a disturbancein the surface-topography

profile at theplacewherethebasal-icetemperaturereachespressure-meltingpoint, thuscreat-

ing a kind of enhanced“block-flow” movementof thedownstreampartof theice sheet.At the

cold/ temperateinterfacetheiceis “sucked” outof theupstreamicesheet,resultingin asmaller

surfacegradientandanon-neglectableimportanceof thelongitudinalstress.
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Figure4.5: Ratioof thebasalvelocityto thetotal balancevelocityin theicesheetaccording to

thefivetypesof basalvelocitylawsafter20000years of integration(seetext for explanation).

A questionthatariseswhentheice sheetis subjectedto a changein basalboundarycondition,

is whetheror not theice masswill retrieveanew steadystate.Theansweris givenby Fig. 4.6,

displayingthemeangroundedice thicknessduringthecourseof 20000yearsof integrationfor

the five basalmotionexperiments.Whenever the basalmovementcannotbe balancedby the

ice inputupstream(andsurfacemassbalance),theicesheetwill continuouslyshrink,giventhat

theenvironmentalconditionremainsthesameor favourstheenhancedbasalmovement(such

asawarmerclimate).However, theice-sheettemperatureplaysanimportantrole in controlling
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thebasalice-sheetdynamics.Introducingbasalmovementcausesthe ice sheetto move more

rapidly, henceincreasinghorizontalandverticaladvectionrates.Coldertemperaturesreachthe

baseof the ice sheet,thusdecreasingthe total surfacesubjectedto melting. Basalvelocities

decrease,stabilizingthe ice sheetmotion. Thewholeprocessgivesrise to a cyclic behaviour;

theslowericesheetwill tendto grow, advectionratesdecrease,bottommeltingincreases,hence

resultingin largerbasalvelocities.Thiscanbeseenin Fig. 4.7,wherebothmeanice thickness

andtemperaturechangeduringthecourseof 20000yearsaredisplayed,accordingto thebasal-

sliding type 1. In particular, the sliding laws which aredirectly dependenton the changing

basalcharacteristicssuchasthebasal-meltingratewill show this apparentbehaviour. Further-

more,whenbasal-velocitygradientsincrease,stretchingbecomesthedominantprocess,sothat

shearingin the basallayersbecomeslesseffective (∂u
∂z � 0), thusreducingthe productionof

basalmeltwatercausedby strainheating.Theamountof basalmeltwaterinfluencesdirectly the

basal-waterflux andtheslidingvelocity.
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Figure4.6: Evolutionof themeangroundedice thicknesswhenapplyingthefivedifferentbasal

velocitylaws.

4.9 Discussion

Payne(1995)showedtheexistenceof cyclic behaviour in ice sheetswith a thermo-mechanical
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Figure4.7: Evolutionof the meangroundedice thicknessand meanbasaltemperature when

applyingbasalsliding type1.

ice-sheetmodelusingabasalslidingmechanismsimilarto theBuddslidingtype2 in thispaper.

Hefoundthatthecouplingof theice-flow field andthetemperatureevolutiongivesriseto limit

cyclesin thebasalthermalregimeof theicesheet.Thesecyclesarecausedby theswitchingon

andoff of sliding asbasalice reachesthepressure-meltingpoint. Resultsof our work do not

show this cyclic behaviour for a sliding law in which theeffect of basalwateris not explicitly

included. This is probablydue to a lower tuning value in our experimentscomparedto the

sliding law of Payne(1995). By comparingdifferentbasal-motionlaws it seemsthat those

which dependon basalwateraremuchmoresensitive to this cyclic response,becausethey

notonly invokeanon-and-off switchingwhenbasalice reachespressure-meltingpoint,but the

basal-motionmagnitudeis alsodirectly influencedby theamountof meltwaterproducedat the

base. Basalmeltwaterdependsboth on the basaltemperatureandvelocity gradients,which

enhancesthecomplexity of theinteractionprocess.

Thesesimplecomparisonexperimentsshowedthatregardlessof climaticvariability, aninternal

oscillationmechanismis generateddueto theinteractionbetweentheice-sheetthermomechan-

icsandthebasalprocesses,andthatbasalprocessessuchasslidingoverawaterfilm, buoyancy

at thegroundingareaandtill deformationcausea differentresponsein ice-sheetbehaviour. In

thefuture,we will thereforecarryout elaboratesensitivity experimentsin orderto explain the

amplitudeandperiodicityof thesecyclic eventsin view of thebasalmechanismsandexternal
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forcingsuchasmassbalanceandsurfacetemperature.

4.10 Conclusions

Basedonthepresentice-sheetconfiguration,massbalanceandsurfacetemperature,theinternal

stressdistribution of ShiraseGlacierwasanalysedby the methodproposedby van der Veen

andWhillans (1989). Despitethe lack of detailedmeasurementsin the ice-streamarea,the

mainpropertiesof thestressfield couldberevealed.For a distancedown to 700km from the

ice divide the ice-sheetmechanicsaresolely driven by shearingin the lower layers. Further

downstreamcontinuesa transitionzonewherebothshearingandstretchingplay anequalrole,

about200km in length,which is followedby astreamzoneof 50km in lengthwheregradually

thebasal-shearstresslowersto becomezeroin theiceshelf.

The numericalanalysisshowed that the interactionbetweenbasalvelocity andice dynamics

in fast-flowing ice sheetsis very complicatedandits effect canonly beunderstoodwith time-

dependency. In theappliednumericalmodel,thefull Stokesequationsweretakeninto account

and the velocity field coupledto the ice-temperaturedistribution. Dependingon the basal-

motion relationshipused,longitudinal stressesand their downstreamgradientsare not only

importantat thegroundingline but alsofurtherupstream,wherethey influencethebasal-shear

stress.Whenever thebasalvelocity playsa majorrole in thedeformationprocess,its effect is

largely controlledby ice-sheettemperature;the disintegrationof the ice sheetis partly coun-

teractedby colderbasaltemperatures,dueto higheradvectionrates.This givesriseto a cyclic

behaviour in ice-thicknesschange,with imbalancevaluesthatattain1 m a� 1. Whetherthis is

the casefor ShiraseGlacierawaits further investigationon the presentbasalmechanicsin its

downstreamarea.
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Paper 5

Ice dynamicsnear Antar ctic marginal

mountain ranges: implications for

interpreting the glacial-geologicalevidence

Pattyn,F. andDecleir, H. 1998.IcedynamicsnearAntarctic marginal mountainranges: impli-

cationsfor interpretingtheglacial-geological evidence. Annalsof Glaciology27: in press

ABSTRACT. In thereconstructionof theglacialhistoryof ice-coveredareas,ice-sheet

dynamics– translatingthe climatic signalto glaciervariations– is often disregarded. In

thispaperanexperimentalframework, basedon ice-sheetmodelling,is presentedto deter-

minepossibleglacier transferfunctionslinking theclimatic signalto theproxy recordof

glacial-geologicalobservations.Applied to a flowline througha marginal mountainrange

in DronningMaudLand,Antarctica,it providesabetterinsightinto theglacialhistoryover

thelast200000years.With respectto thedifferentcombinationsof boundaryconditions,

at leasttwo scenarioswereobtainedfor theglacialhistory in thevicinity of themountain

range.While inlandof themountainsandnearthecoasttheresponseto theclimaticsignal

is moreor lesssimilar for bothscenarios,within themountainrangea largedifferencewas

found, dependingon the choiceof boundaryconditions. This aberrantbehaviour of the

ice sheetnearmountainrangesis animportantelementin theinterpretationof theglacial-

geologicalproxy recordasa functionof the climatic signal. The reasonfor the different

responsepatternsencounteredin the mountainareais primarily relatedto the sensitive

interplaybetweensurfacemassbalanceandthermomechanicalpropertiesof theglacier.

107
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5.1 Intr oduction

Reconstructingthegrowth anddecayof theAntarcticicesheetin responseto theclimaticsignal

remainsoneof the mainchallengesto theearthsciencecommunityandcanbeconsideredas

a key issuefor understandingpastandfuture global change.Field evidencefor this purpose

comesfrom two different sources. The first sourceconsistsof the pure climatic evidence,

provided by the glaciologicalcommunityandobtainedmainly by meansof ice coredrilling

nearthecenterof theice cap.Thesedataprovideusessentiallywith variationsin temperature,

massbalance,air andicecompositionin thetimedomain.Thesecondsourceis providedby the

earthsciencecommunityandencompassesthegeologicalevidence,offshoremainlyby seismic

stratigraphyandonshoreby geomorphologicalevidencein theice-freeareassuchasthecoastal

oasisandthe marginal mountainranges.Thesedataindicatethe spatialvariationsof the ice

sheetbothin altitudeandextent,andtime variationscanalsobeinferred.However, theproxy

recordof on shoreglacial-geologicalobservationsshows former higher glacier standsonly,

sincesignsof lowerglacierstandsareobliteratedby thepresenticecover.

Climatic change,asrecordedin ice-coredata,andglacialgeologyarenot directly linked. The

glacieror ice sheettranslatestheclimatic signalto glacial-geologicalevidence.This relation-

ship,whichwecall theglacier transferfunction(GTF), is notalwayslinear. Otherfactorssuch

asinteractionsof theice sheetwith theocean,basalhydraulicsandinternalice dynamics,add

complexity to the GTF. All too often in the past,climatic variations(ice ages)wereinferred

directly from geologicalevidence,therebyneglectingthesecomplex interactions(e.g. Hollin,

1962;DentonandHughes,1981).Todaydynamicmodellingis capableof providing physically

soundconstraintsfor the deductionof ice-sheetvariationsfrom observationsasmadeon ice

dividesandin marginalareas.

Theaim of this work is to reconstructthedynamicalbehaviour of theEastAntarcticice sheet,

particularly in Dronning Maud Land, over the last 200 000 years,basedon numericalice-

sheetmodelling. Due to the uncertaintiesin boundaryconditionsof the ice-sheetsystem,an

experimentalframework is presentedin orderto determinepossibleGTFslinking theclimatic

signalto theproxyrecordof glacial-geologicalobservations.

5.2 Field evidence

Thestudieddrainagebasinis situatedin eastDronningMaudLand(EastAntarctica)andcovers

the inland plateau,a marginal mountainrange(the SørRondaneMountains),andthe coastal

area(Fig. 5.1).TheSørRondaneMountainsarea200km longmountainrange,approximately

100 km from the presentcoastandform part of a seriesof mountainrangessurroundingthe
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EastAntarctic continent. Although the mountainsblock ice flow, at someplaceslarge outlet

glacierscut throughtherange.Theseoutletglaciersarecharacterizedby steepsurfaceslopesat

theentranceof themountainrange(ice fall). At thefoot of theice fall, theicesurfacebecomes

relatively flat asglaciersflow in over-deepenedvalleys. Ice thicknessin thisareais of theorder

of 2 km. Betweenthemountainsandthecontinentalshelfedge,bedrocklies beneathsealevel,

andsomesubglacialtrenchesoccur(Fig. 5.2).

Basedon cosmogenicsurface-exposure-agedatingof in situ rocksat someplacesin the Sør

Rondane,linkedto thedegreeof weatheringof till, Moriwaki et al. (1992)tried to reconstruct

from puregeomorphologicalevidencetheglacialhistoryof therange.They foundthatduring

the last glacial–interglacial period, the maximumice-sheetexpansionwasonly a few meters

to a few tensof metershigherthanthepresentglaciersurface.They postulatedthereforethat

duringthisperiodonly minorglaciervariationsoccurred.

5.3 The ice-sheetmodeland boundary conditions

As a methodologyfor investigatingpastice-sheetvariationswe useddynamicflowline mod-

elling. The numericalice-sheetsystemmodelpredictsthe ice thicknessdistribution alonga

flowline in spaceandtime in responseto environmentalconditions,basedon thecalculationof

two-dimensionalflow regime(velocity, strain-rateandstressfields)aswell asthetemperature

distribution in theice sheetandin theunderlyingbedrock.Furthermore,themodelis extended

with isostaticbedrockadjustmentandan ice-shelfmodelasthe outerboundarycondition. A

completedescriptionof themodelis givenin PattynandDecleir(1995a)andPattyn(1996).

A solutionto thevelocityfield is obtainedthroughverticalintegrationof theconstitutiveequa-

tion for theflow of ice, in this caseGlen’s flow law with exponentn = 3. A basalboundaryto

thisflow field is formedby zerobasaldragin theiceshelfandarelationfor basalmotionin the

groundedicesheet,whereacommonsliding typerelationshipwaschosen

us � Asτ3
bN � 2 (5.1)

whereτb andN arethe shearstressandeffective normalstress,respectively, at the ice sheet

base,andAs is aconstantbasalflow parameter.

Theflow of ice sheetsalsodependson theice temperature,which enterstheconstitutiveequa-

tion throughtheflow parameterA � T � � andobeys theArrheniusrelationship(Paterson,1994).

A � T � � � maexp  "! Q
RT�$# (5.2)
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wherem is a tuningparameterwhich takesinto accountunknown factorssuchascrystalfabric,

impurity contentetc. Theotherparametersaredefinedin Pattyn (1996). T % is obtainedfrom

thesecondevolutionequation,i.e. thethermodynamicequation,which relatesice-temperature

changein time to physicalprocessessuchasverticaldiffusion,horizontalandverticaladvec-

tion, andfriction (seePattyn, 1996). Boundaryconditionsto this equationform the surface
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temperatureat thetopandgeothermalheatingat thebaseof theicesheet,thelatterwrittenasa

temperaturegradient. &
∂T
∂z ' base ( γg ) τbus

ki
(5.3)

whereγg (K m* 1) is thegeothermalheatenteringtheice expressedasa temperaturegradient,

andthesecondtermontherighthandsidesurplusheatcausedby basalmotion.ki is thethermal

conductivity of ice (ki ( 6.63107 J m* 1 K * 1 a* 1). Geothermalheatingcantake two forms,

dependingonwhetherheatconductionin thebedrockbelow is considered.

γg ( G
ki

withoutbedrockheatconduction

( kr

ki + ∂T
∂z , r

with bedrockheatconduction (5.4)

whereG ( -54.6mW m* 2 is thegeothermalheatflux correspondingto 1.30HFU (heatflow

units;Sclateretal., 1980)andkr is thethermalconductivity of rock(kr ( 1.041108 Jm* 1 K * 1
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a- 1) (TurcotteandSchubert,1982).For calculatingof heattransferin theunderlyingbed,only

verticaldiffusionis consideredin arockslabof 2000m thicknessdividedinto 5 equallyspaced

layers(seeHuybrechts,1992).In someexperimentsdescribedbelow, A . T / 0 waskeptconstant

overthewholedomain(isothermalcase,i.e. nothermomechanicalcouplingconsidered).A . T / 0
is thendeterminedfrom Eq.5.2 for a givenisothermalice temperatureT / andby keepingm =

1.0.

The ice-sheetmodel is numericallysolved on a fixed grid in spaceandtime, i.e. a flowline

startingfrom the ice divide (DomeF) to the edgeof the continentalshelf, which forms the

maximumpossiblelateral extensionof the ice sheet,with a horizontalgrid-sizespacingof

10km, 30 layersin thevertical,anda time-stepof 10years.

Theprimaryinputsfor themodelarebedrockandicesurfaceprofilesalongaflowline (Fig.5.1).

Dataweresampledfrom theoversnow traversescarriedoutin eastDronningMaudLand(Ageta

et al., 1995;Nishio et al., 1995;PattynandDecleir,1995b).A flowline wasdrawn startingat

DomeF, enteringtheSørRondaneMountainsthroughtheoutletglacierGjelbreen,continuing

northto thecoast,andthenbeyondto theedgeof thecontinentalshelf(Fig.5.2).Gjelbreencuts

alongthe251 E meridianthroughtheSørRondaneMountainrangein asouth–northdirection.

Presentsurface-temperatureandmass-balancedistributionwereadoptedfromSatow andKikuchi

(1995)basedon measurementsin EastDronningMaudLand. However, for themass-balance

distribution two datasetswerecompiled,oneregionaldataset(thewholeeastDronningMaud

Land area)andone local dataset (Asukadrainagebasin). The latter takes into accountthe

reducedaccumulationin theSørRondaneMountains,which actasanablationwindow within

theaccumulationareaof theAntarcticicesheet(Fig. 5.3).

For thepaleo-experimentssurfacetemperatureis perturbedby changesin backgroundtempera-

tureaccordingto theVostoksignal(Fig.5.4;Jouzeletal., 1993)andby localchangesin surface

elevation. Changesin surfacetemperaturealsoaffect accumulationrates. For the changesin

massbalancewe followed Lorius et al. (1985)andHuybrechts(1990a). Several datasetsof

eustaticsea-level changeareavailable. We optedfor two commonlyusedrecordsassea-level

forcing functions: the benthicoxygen-isotoperecordand the New Guinearecord,estimated

from marineterraces(Shackleton,1987). Thedifferencebetweenthesetwo recordsis mainly

reflectedin theiramplitude(Fig. 5.4).

5.4 Experimental framework

Mostmodellingstudiesdefineaso-calledreferenceexperimentor standardrun,in whichtheice

sheetis runin asteadystateunderpresentenvironmentalconditionsandthefreeparametersare
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Figure5.3: Presentsurface-temperature andmass-balancedistribution usedin themodelling

experimentsand plottedas a functionof surfaceelevation. Two mass-balancedatasetsare

given,a local settakinginto accountthereducedaccumulationin themountainrange andthe

coastalareaasobservedin thefield anda regional settakenfrommeasurementsall over east

DronningMaudLand. a–d denotethe referencepointsalong the flowline (seeFigs. 5.1 and

5.2).

tunedto obtaina goodfit with theobservations.Thisprogressively tuningresultsin onemodel

solutionthatcloselymatchestheobservations.However, moresolutionsarepossible.Consider

for exampletwo points(observations)throughwhich we would like to fit a parabolicequation

(model). In principle,aninfinite numberof solutionsarepossible.If we fix thecoefficientsof

theparabolicequationandalterthemprogressively to achieveamatchwith thetwo observation

points,we will obtainasinglesolution.However, if we considerthecoefficientsto lie between

certainerrorboundsandcalculateall possibleparaboliccurves,wemightaswell obtainseveral

solutions.Morethanonemodelconstructioncanthusproduceanoutputwhichis conformwith

theobservations,asituationthatis referredto asnon-uniqueness(Oreskesetal., 1994).

In view of the largenumberof degreesof freedomof the ice-sheetmodelandhencethe large

numberof boundaryconditionsto be specified,a wide rangeof modelsimulationswascon-

ductedunderdifferentboundaryconditionsandtheir combinations,andcomparedwith both

glacial-geologicalrecordsandglaciologicaldataconcerningpresentice-sheettopographyand

surfacevelocity. Basicallyweconsideredthat(i) thepresenticesheetis not in steadystate;and



114 ICE SHEETDYNAMICS IN DRONNING MAUD LAND

-10
-8
-6
-4
-2
0
2
4

T
em

pe
ra

tu
re

 c
ha

ng
e 

[K
]

-200

-150

-100

-50

0

50

-200 -180 -160 -140 -120 -100 -80 -60 -40 -20 0

S
ea

 le
ve

l c
ha

ng
e 

[m
]

Time [ka]

New Guinea terraces

Benthic isotope data

Figure5.4: Backgroundtemperature signal fromtheVostokice core (after Jouzelet al., 1993)

(upperpanel),andeustaticsea-level changesusedfor modelforcing (after Shackleton,1987)

(lowerpanel).

(ii) thevaluesfor boundaryparametersastakenfrom literature(to obtaina “standardrun”) are

only approximatevaluesandcover a large rangeof values.Eachmodelexperimentis a two-

fold process.First,asteady-stateicesheetat200000BP is establishedstartingfrom anice-free

bedrocktopographyisostaticallyadjustedto the removal of the presentice load. This steady

stateis obtainedafter approximately250 000 yearsunderboundaryconditionsprescribedby

thespecificexperiment,andenvironmentalconditionstakenasthemeanover thelast200000

years. Thesemeanconditionscorrespondto a backgroundtemperaturedrop of -5.22 C anda

sea-level loweringof 50or 70m for theNew Guineaandbenthic-isotopedatasets,respectively

(Fig. 5.4). For theexperimentswheresea-level forcingwasignored,sealevel remainedat 0 m

duringthesteady-statemodelrun. Second,themodelis run forwardin time forcedby changes

in backgroundtemperatureandsealevel. Theboundaryconditions(or freeparameters)include

a numberof differentsetsfor the presentsurfacemassbalanceandsea-level forcing, inclu-
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sion/exclusionof bedrockheatingandisostaticadjustment,anddifferentvaluesfor parameters

relatedto ice rheology, basalsliding andgeothermalheatflux (Table5.1). In total 204experi-

mentalrunswerecarriedout,comprising102steady-staterunsand102paleoclimaticforcings,

eachwith a differentcombinationof boundaryconditions.

Table5.1: List of variablesandchangesin boundaryconditionsfor thenumericalsimulations.

In theisothermalcase, m 3 1 andbothbedrock andgeothermalheatingloosetheir meaningas

boundaryconditions.

Variable Reference Value

Local
MassBalance Fig. 5.3

Regional

1.04HFU

GeothermalHeating G (Eq.5.4) 1.30HFU

1.56HFU

with
Bedrockheating Eq.5.4

without

2.5

Iceflow calibration m (Eq.5.2) 5.0

10.0

2.0104 8

Basalmotioncalibration As (Eq.5.1)
5.0104 8

with
Bedrockadjustment

without

-105 C
-85 C

Isothermalicesheet T 6 (Eq.5.2)
-65 C
-35 C

withoutsea-level changes

Sea-level changes Fig. 5.4 New Guineaseries

Benthonicisotopeseries

5.5 Determination of the GTF

The102paleoclimaticserieswereevaluatedby threeexternalcontrolsin orderto determinethe

possibleGTFs.Two of thethreecontroldatasetsrelateto thepresentconditionsof theicesheet
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asobservedin thefield andarecomparedwith themodelresultafter200000yearsintegration

in time. A first control is themaximumglaciersurfacevelocity in themountainrangeat 0 BP

(on theslopeof the ice fall) comparedto theobservedvalueof 7 65 m a8 1. A secondcontrol

is the root-mean-squareerror (rms) betweenthe modelledsurfaceelevation in eachgridpoint

alongtheflowline at0 BP comparedto thepresentobservedglacierprofile. Thethird setrelates

to thehistoryof theicesheet,i.e. pastglacialmaximadeterminedfrom exposureagesof in situ

rock at differentheightsabove the presentglaciersurface. Experimentswereacceptedwhen

thefollowing threeconditionswerefulfilled: (i) amaximumsurfacevelocityof 65 7 15m a8 1;

(ii) a surface-profilerms errorof 9 150 m; and(iii) a maximumpaleo-glacierstand(over the

last200000years)of 9 100m. Althoughtheselimits appearratherlarge,only 24experiments

out of 102 wereretained.In these24 experimentsnot all valuesof boundaryconditionsand

combinations(Table5.1) arerepresented.Boundary-conditionsettingsthatwerenot accepted

in the processwere(i) experimentswithout bedrockheating,(ii) ice-flow calibrationm = 2.0

or m = 10.0,(iii) basalmotioncalibrationAs = 5.0 108 8, and(iv) sea-level changesaccording

to the benthic-isotoperecord. That noneof the 24 retainedexperimentsweredriven by the

benthicseriesis dueto thelargeamplitudeof this signal. It producesa substantialgrounding-

line migration(waxingandwaning),andhenceresultsin alargesurface-elevationchangein the

mountainarea,whichdoesnot conformto theglacial-geologicalrecord.Althoughtheretained

experimentsencompassbothtypesof mass-balancedatasets(local andregional),it seemsthat

the local mass-balancetype, i.e. with reducedaccumulationin themountainarea,resultsin a

betteragreementwith theglaciologicalandglacial-geologicalobservations.This confirmsthe

ideathat theSørRondaneMountainsform a so-calledablationislandwithin theAntarctic ice

sheet.

After a careful analysisof the 24 GTFs,we classifiedthem in two major groupsor scenar-

ios,eachgroupcharacterizedby a distinctdifferenthistoryof glaciersurfacevariationswithin

themountainrange.Thedifferencebetweenbothscenariosseemsto bemainly relatedto the

thermomechanicalpropertiesof the experiments.Thebest-fitGTFsof eachgroup,i.e. those

experimentswhich arein bestagreementwith bothglaciologicalandglacial-geologicalobser-

vationsare:

Scenario1: with bedrockheating;G : 1.30;m : 5.0; localmassbalancetype;As : 2.0108 8;

with isostaticadjustment;withoutsea-level changes.

Scenario2: isothermalice sheet;T ;<: -6 = C (for m = 1.0); local massbalancetype; As :
2.0108 8; with isostaticadjustment;withoutsea-level changes.

Thesetwo scenariosaredisplayedin Fig. 5.5, i.e. by meansof the responseof the ice sheet

surfacevariationsat the ice divide (Fig. 5.5a),in the plateauareaupstreamof the mountains
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(Fig. 5.5b), the glacierareawithin the mountains(Fig. 5.5c)andthe coastalice sheetdown-

streamof the mountains(Fig. 5.5d). Nearthe ice divide, the two scenariosdisplaythe same

trend (Fig. 5.5a): a maximumice-sheetexpansionof 15–20m higher than presentaround

115 000 BP, which is almost15 000 yearslater thanthe penultimateclimateoptimum,then

a gradualsurfacelowering to reacha minimum 40–60m lower thanpresentat about15 000

BP, followedby a rapidrising. Accordingto Fig. 5.5, thesurfaceat theice divide is at present

still rising in responseto theclimatic signal. This pictureis in agreementwith theanalysisof

Loriusetal. (1984)andJouzeletal. (1989)thatfor centralpartsof Antarctica,theLastGlacial

Maximumicesheetwasthinnerthanthepresentice sheet.

Also in theplateauarea(Fig. 5.5b),thetwo scenariosdisplayasimilarbehaviour, althoughthe

ice sheetreactsfasterto theclimatic signalthanat thedivide,sothatat presenttheice surface

is lowering insteadof rising. Closerto the mountainsandon the glacier itself (Fig. 5.5c),a

remarkabledifferentiationbetweenthe two scenariosis observed. According to scenario1,

minor glaciersurfacevariationsoccurredover thelast160000years,of theorderof 15–20m.

The presentglaciersurfaceis therebycloseto its lowestpositionof the last 100 000 years.

However, accordingto scenario2, glacier-surfacevariationsaremorepronounced(40–60m),

but the presentice-sheetsurfaceis closeto its highestpositionof the last 100 000 years. It

seemsfurthermorethat accordingto scenario1 the ice-sheetsurfacegraduallyrisesbetween

interglacials,while accordingto scenario2 thesurfacegraduallylowersandquickly riseswhen

surfacetemperaturesincreaseat the endof the glacial period. This leadsto two completely

differentinterpretationsof the glacial history in the SørRondane,which will be discussedin

detailbelow.

Finally, in the coastalzone(Fig. 5.5d),both scenariosarequite similar with an amplitudeof

ice-sheetsurfacevariationsof 40–60m. In bothcases,the ice-sheetsurfaceis at presentstill

loweringandcloseto its minimumpositionof thelast100000year. Thehigh frequency oscil-

lationsbetween80-120000BP in scenario2 (Fig.5.5d)aredueto minornumericalinstabilities.

They areonly encounterednearthegrounding-linearea.

5.6 Discussion

Scenario1 confirmstheideapostulatedby Moriwaki et al. (1992)thatonly minor ice-surface

variationsoccurredin theSørRondaneduringthelastglaciation.Thiscertainlydoesnot imply

that the interior or the coastalice sheetexperiencedsmall variationsaswell. Accordingthe

modelexperiments,surfacevariationsof theorderof 60–80m areto beexpectedin theinterior,

and40–60m in the coastalarea. Lateralvariationsof the ice sheet,i.e. waxing andwaning

of thegroundingline over thecontinentalshelf,areminimal ( > 60 km). This globalpictureof
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Figure5.5: GTFsaccording to two acceptedscenarios.TheGTFsare givenfor four different

areasof the ice sheet(seeFigs. 5.1 and 5.2 for their positionalong the flowline). Thegray

areain (c) showsthemaximumexpansionof the ice sheetin themountainrange according to

glacial-geological observations.

ice-sheetvariationsin theinterioraswell asin thecoastalareais furthermoreconfirmedby both

scenarios.Themajordifferentiationbetweenbothscenariosseemsrestrictedto the mountain

area.Accordingto theisothermalscenario,glaciersurfacevariationsherearenot minimal,but

well pronouncedwith an amplitudesimilar to otherareaswithin the ice sheet,i.e. 40–60m.

Anotherstrikingfeaturerelatesto thetiming of events:glacialmaximaobservedfrom scenario

2 occur5–10000 yearslater than thoseobserved from scenario1. This phasedifferencein

responsepatternis mostpronouncedwithin themountainarea.
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For the isothermalcase(scenario2), glaciersurfacevariationswithin the mountainsrespond

mainly to variationsin surfacemassbalance.Therelative largeresponsetimesto theclimatic

signal are due to low accumulationin this areaand explainswhy the presentice surfaceis

closeto its maximum.However, whenthermomechanicalcouplingis introducedin themodel

set-up(scenario1) the effect of stiffening andsofteningof ice is taken into account. While

basaltemperaturessouthof the SørRondaneandon the highestice slopeof the glacierare

generallylow, pressure-meltingpoint is reachedat the glacier’s bottomfurther downstream.

This softerice influencestheice fluxesin a differentway thanthestiffer ice upstreamandalso

affectsthe responsetime to theclimatic signal. Thecombinedeffect of ice thermomechanics

andresponseto surfacetemperatureandmassbalancechangesresultsin this locally aberrant

behaviour within themountainarea.However, a morerigourousexaminationof the effect of

marginalmountainson icedynamicsof largeicesheetswill begivenin asubsequentpaper.

It is clearfrom thesemodelsimulationsthat theproperdeterminationof a GTF is essentialin

the reconstructionof the glacial history. The glacial history of ice sheetscannotbe derived

from geomorphologicaldataalone,without takingcareof the physicsbehindthe glacial sys-

tem. Thatat presenttwo interpretationsof geomorphologicaldatacanbegivenis not somuch

dueto modelincapabilitybut moredueto a lack of observations.For instance,excluding the

glaciervelocity datafor comparisonin theanalysismight evenleadto morethantwo possible

GTFs.Furtherfield work shouldthereforehelpto narrow thegapbetweentheobservedandthe

simulated.

5.7 Conclusions

In this paperwe have attemptedto presenta modelling framework capableof disentangling

the regional glacial history of the EastAntarctic ice sheetin a consistentway. The analysis

demonstratedthat, dependingon the choiceof boundaryconditions,different scenariosare

expectedto conformwith boththepresentglaciologicalobservationsandtheglacial-geological

proxy recordof exposureagesof in situ rocks. However, this marked differentiationis only

witnessedin themarginal mountainarea,with a lesspronounceddifferentiationover the vast

ice-sheetinterior. Theglacialhistoryof theSørRondaneMountainscanthusbeinterpretedin

(at least)two differentways. Oneinterpretationis thatonly minor glaciervariationsoccurred

during the last 200 000 years,aswasconcludedby Moriwaki et al. (1992),andthe present

glaciersurfaceis closeto its minimum,while theotherinterpretationis thatglaciervariations

areof theorderof 60 m, but that thepresentglaciersurfaceis closeto its maximumelevation

of thelast200000years.OutsidetheSørRondane,neartheice divideaswell asin thecoastal

areabothscenariosarein accordandice-sheetsurfacevariationsareof theorderof 60–80m.



120 ICE SHEETDYNAMICS IN DRONNING MAUD LAND

Themaindifferencebetweentheinlandareaandthecoastis thatneartheicedividetheicesheet

is at presentcloseto its maximumposition,while in thecoastalareadeglaciationis completed

andtheice-sheetsurfaceis closeto its minimum.
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The variability of Antar ctic ice-sheet

responseto the climatic signal

Pattyn, F. submitted. The variability of Antarctic ice-sheetresponseto the climatic signal.

Annalsof Glaciology

ABSTRACT. High-resolutionnumericalmodel experimentswere carriedout along

two flowlinesin DronningMaudLand(Antarctica),oneflowline passingthroughthecen-

tral part a coastalmountainrangeandonealonga major continentalice stream(Shirase

Glacier).Resultsshowedthatice-sheetbehaviour in responseto theclimaticsignallocally

differs. Responsepatternsaredifferentfor the inland ice sheet,the coastalice sheetand

aroundmarginal (subglacial)mountains.Modelledresponsetime serieswereanalyzedby

lag-correlation,rangeand fractal analysis. Local differentiationin ice-sheetresponseis

primarily relatedto thesensitive interplaybetweensurfaceaccumulationpatterns,thermo-

mechanicalpropertiesof theicesheetandbedrockroughness.

6.1 Intr oduction

TheEastAntarctic ice sheetappearsasa stableanddominantfeatureon earthat leastfor the

lastfew million years.Three-dimensionalmodelexperiments(Huybrechts,1993)demonstrated

thata serioustemperaturerise is necessary(morethan15 K) to disintegratethe ice sheetsig-

nificantly. Thereasonwhy theEastAntarcticice sheetis ableto resista muchlargerwarming

thanits WestAntarcticcounterpartis partly dueto thepresenceof severalmountainsystems,

enablingthe ice sheetto retreatat higherelevation(Huybrechts,1993). The threemajorsys-

temsare the TransantarcticMountains,the Gamburtsev subglacialmountainsin the central

121
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partof theEastAntarcticcratonanda semi-continuousbelt of coastalmountainsin Dronning

MaudLandstretchingfrom Heimefrontfjellain thewest(15? W) to the YamatoMountainsin

theeast(35? E). Thesemountainsystemsareseparatedby largebasins,suchasthePensacola,

WilkesandAurora subglacialbasinsbetweenthe TransantarcticandGamburtsev Mountains,

andLambertGlacierbetweenGamburtsev subglacialmountainsandEnderbyLand.Within the

DronningMaud Landcoastalmountainchainwe noticesometransversegaps,suchasJutul-

straumenin thewestandShiraseGlacierin theeast,whichtogetherwith LambertGlacierform

themostprominentcontinentalice streamsof EastAntarctica.

Thealternationof marginal mountainglaciersystemsandfast-flowing continentalice streams

imply a local differentiationin ice-sheetbehaviour asa reactionto a changingclimate. Ob-

servationsconfirmthis. Stake measurementsin ShiraseDrainageBasin,DronningMaudLand

(Nishio et al., 1989;Toh andShibuya,1992)show a marked thinning rateof the ice sheetof

morethanonemeterperyear. However, in thenearbySørRondaneMountains,Moriwaki etal.

(1992)foundthatthemaximumice surfaceattainedover thelast100,000yearwasonly a few

metershigherthat thepresentsurface,wherebytheauthorsconcludedthatonly minor glacier

fluctuationsoccurredoverthisperiod(in theorderof afew metersto afew tensof meters).Also

adifferentpatternin ice-sheetbehaviour is observedbetweenthecoastalareaandtheinlandice

sheet.While nearthecoasttheLastGlacialMaximum(LGM) icesheetis generallybelievedto

bethicker, theLGM ice sheetis presumedto bethinnerfor centralpartsof Antarctica(Lorius

etal., 1984;Jouzeletal., 1989).

In orderto interpretthe varietyof observationswith respectto presentandpastice-sheetdy-

namicsPattyn (1996)proposeda numericalmodelexperimentthat could explain the present

dynamicsof fast-flowing glaciers.In a subsequentpaper, PattynandDecleir(1998)presented

anexperimentalframework to determinein aconsistentwaypastglaciervariationsin amarginal

mountainrangeby linking theclimatic signalto theproxy recordof glacial-geologicalobser-

vationsthroughnumericalice-sheetmodelling. In this paper, the result of both studieswill

be further analyzed. More detailson the numericalmodel itself, canbe found in thosetwo

publications.

6.2 Time seriesof climatic forcing and ice-sheetresponse

In this studynumericalflowline modellingexperimentswill becarriedout alongtwo flowlines

in DronningMaudLand(Fig. 6.1), i.e. a flowline alonga major ice stream(ShiraseDrainage

Basin:Shiraseflowline, Fig. 6.2),andoneflowline throughthecentralpartof a coastalmoun-

tain range(SørRondaneMountains:Asukaflowline, Fig. 6.3). Both startat theDomeFuji ice

divideandreachbeyondtheedgeof thecontinentalplateauin theSouthernOcean.
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Figure6.1: Situationmapof DronningMaudLandwith thetwomodelledflowlines.

Eachmodelexperimentis a twofold process.First, a steady-stateice sheetat 200 000 BP is

establishedstartingfrom an ice-freebedrocktopographyisostaticallyadjustedto the removal

of the presentice load, underclimatic conditionstaken asthe meanof the last 200 ka, i.e. a

backgroundtemperatureof -5.2 K comparedto present.Second,the modelis run forward in

time, forcedby the Vostoksignal (Jouzelet al., 1993). Changesin surfacetemperaturealso

affectaccumulationrates,accordingto Loriusetal. (1985):
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Figure6.2: Presentmodelledlongitudinalprofileof theShiraseflowlineafter200kaof forward

integration. Lowerpaneldisplaysthecorrespondingbasaltemperatureprofile.

M @ t A�B M @ 0A exp C 22D 47 E T0

Tf @ 0AGF T0

Tf @ t A H<I C Tf @ 0A
Tf @ t A$I 2

(6.1)

whereM is the surfaceaccumulationrate [m aJ 1], T0 = 273.15K, Tf @ t AKB 0 D 67Ts @ t AML 88D 9
the temperatureabove the inversionlayer (Jouzeland Merlivat, 1984) and Ts @ t A the surface

temperature.This meansthat changesin surfaceaccumulationrate exactly follow changes

in backgroundtemperature.Thus, for eachgridpoint along the flowline a local time series

accordingto Eq.6.1anda local ice-sheetresponsetimeseriesof verticalice-surfacechangesis

obtained.
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Figure6.3: Presentmodelledlongitudinalprofileof theAsukaflowlineafter 200ka of forward

integration. Lowerpaneldisplaysthecorrespondingbasaltemperatureprofile.

6.3 The Shiraseflowline experiments

Previousmodellingexperimentsof ShiraseGlacier(PattynandDecleir, 1995a)showedthatthe

large observed thinning ratecould not be explainedasa reactionto the climatesignalalone.

Anothermechanismshouldaccountfor this. A new modelformulation– taking into account

thephysicalpropertiesof ice streams,i.e. longitudinalstressesin the forcebudgetanddiffer-

entbasalmotionmodels(Pattyn,1996)– revealeddifferentpatternsof cyclic behaviour in ice

streamsdependingon thebasalboundaryconditions.In this studywe repeatedsimilar exper-

iments,this time appliedto the Shiraseflowline. Basalmotion wastreatedby consideringa

waterfilm underneaththe ice sheet,asradio-echosoundingmeasurements(Nishio andUrat-

suka,1991)demonstratedthat subglacialwateris omnipresentin the downstreamareaof the
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Shirasedrainagebasin. Accordingto WeertmanandBirchfield (1982),thesliding velocity is

dependenton thedepthof thewaterlayerδ andthecritical particlesizeδc

us N Asτp
b O 1 P 10

δ
δc Q if δ R δcN 10Asτp

b
δ
δc

if δ S δc (6.2)

and

δ N O 12µQw

Pg Q 1
3

(6.3)

whereQw is thewaterflux perunit width [m2sT 1], calculatedthroughdownstreamintegration

of thebasalmeltingrate,andPg thepressuregradient(Alley, 1989).As is aslidinglaw constant

(taken as2.0 10T 11 PaT 2 mT 1 aT 1) andτb the shearstressat the baseof the ice sheet. The

resultingtime seriesof glaciersurfacevariationsis displayedin Fig. 6.4 (TYPE I), whereit is

comparedto a similar modelrun with a Weertman-typesliding law (TYPE I I) which is inde-

pendentof thepresenceof subglacialwaterandwidely usedin numericalice-sheetmodelling.

Accordingto theTYPE I experiment,highfrequency oscillationsoccurduringthecoldestphase

of theglacialperiodsandduringthewarmestphaseof theinterglacials.As explainedin Pattyn

(1996)they aredueto theinteractionof theice-sheettemperaturefield andtheconditionsat the

base:basalmotioncausestheice sheetto move morerapidly, henceincreasinghorizontaland

verticaladvectionrates.Coldertemperaturesreachthebaseof theice sheet,thusreducingthe

total surfacesubjectedto melting. Basalvelocitiesdecrease,stabilizingthe ice-sheetmotion.

Thewholeprocessgivesriseto a cyclic behaviour; theslower ice sheetwill tendto grow, ad-

vectionratesdecrease,bottommeltingincreases,henceresultingin largebasalvelocities.The

periodicityof thesecyclesis approximately3000to 4000years. High frequency oscillations

areonly observedin thedownstreamareaof ShiraseGlacier, anddisappeargraduallytowards

theinlandplateau(Fig. 6.5).

Payne(1995) showed a similar cyclic behaviour with a thermomechanicalice-sheetmodel,

includingabasalslidingmechanismaccordingto TYPE I I. Themodelproducedlimit cyclesthat

arecausedby on-and-off switchingof sliding asbasalice reachesthe pressuremeltingpoint.

Our TYPE I I experimentsdonotshow any cyclic behaviour for asliding law in whichtheeffect

of basalwateris not explicitly included,dueto a lower tuning valuecomparedto the sliding

law of Payne(1995)andthefactthatsliding is alsomadepossiblewhenbasaltemperaturesare

lower thanthepressure-meltingpoint, thusavoiding abrupton andoff switchingwhich causes

asingularity.

The TYPE I experimentsshow that thereis no needfor a massive drainagein thecoastalarea

of ShiraseGlacier to explain the large observed imbalancevalues,the high frequency of the
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Figure6.4: Timeseriesof TYPEI (solid line) andII (dottedline) experimentsalongtheShirase

flowlineat gridpointa (upperpanel);timeseriesof T-COUPLING(solid line) andISOTHERM

(dottedline) experimentsalongtheAsukaflowlineat gridpointb (middlepanel);timeseriesof

surfaceaccumulationrateat gridpointb. (seeFig. 6.1for situationof pointsa andb alongboth

flowlines)

oscillationsaccountfor this, while the ice sheetremainsstable.Any runaway of ice is coun-

teractedby thethermomechanicalprocessdescribedabove. A marineinstability is unlikely to

occursincemostof thebedrockliesabovesealevel.
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Figure 6.5: Time-spacemap of vertical surfacevariations (compared to present)along the

Shiraseflowlinefor theTYPEI experiment.

6.4 The Asuka flowline experiments

Using an experimentalframework, Pattyn and Decleir (1998) carriedout a large numberof

modelexperimentseachwith differentsettingsof boundaryconditions.Theresultswerethen

comparedwith glacial-geologicalevidenceandfield measurementssuchasice velocitiesand

ice thickness.Experimentsin agreementwith theseobservationscouldbedividedin two major

groupsor scenarios.Thefirst scenario(T-COUPLING) is theso-calledstandardmodelexperi-

ment,i.e. with full thermomechanicalcoupling(icestiffnessdependson local ice temperature),

while for thesecondscenario(ISOTHERM) a constantflow parameterfor thewholeice sheetis

used,i.e. independentof theice-temperaturedistribution (constantice stiffness).Althoughthe

responsetime seriesof bothscenariosaresimilar alongtheflowline, a markeddiscrepancy is

observedin themountainarea(Fig. 6.4). Oneinterpretation(T-COUPLING) is thatonly minor

glaciervariationshave occurredduring the last 200 ka, aswasconcludedby Moriwaki et al.

(1992)basedonglacial-geologicalevidence,andthepresentglaciersurfaceis closeto its min-

imum, while theotherinterpretation(ISOTHERM) is that glaciervariationsareof the orderof

60 m, but that thepresentglaciersurfaceis closeto its maximumelevationof the last200ka.

OutsidetheSørRondane(not shown), on thepolarplateau,aswell asin thecoastalarea,both

scenariosarein accordandice-sheetsurfacevariationsareof theorderof 60-80m. Themain

differencebetweenthe inland areaandthe coastis that nearthe ice divide the ice sheetis at

presentcloseto its maximumposition,while in thecoastalareadeglaciationis completedand
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theice-sheetsurfaceis closeto its minimum.

6.5 Analysisof time series

6.5.1 Lag correlation analysis

Thecorrelationbetweentheforcing timeseries(surfaceaccumulationrateatagivengridpoint)

andtheresponsetimeseries(ice-surfacevariationsat thegridpoint)wascalculatedfor different

lagsusingthe fastFourier transform(Presset al., 1992). The lag correspondingto the max-

imum correlationthengivesthe time lag betweenboth time series(Fig. 6.6). For all model

experiments,the time lag is positive for the interior ice sheetandgraduallydecreasestowards

thecoast,meaningthatamaximumice-surfaceelevationis reachedsometime(2-5ka)after the

maximumof theaccumulationratesignal.However, theT-COUPLING experimentshowsalarge

negative time lag clearlyassociatedwith thepresenceof themountainrange.The ISOTHERM

experimentdoesnot show this discrepancy, hencethenegative time lag is probablydueto dif-

ferencesin ice stiffnessalongthe low line asbasaltemperaturesarelow in themountainarea

andincreaserapidlynorthwardof theicefall (Fig. 6.3).This featureis alsopresentin thegraph

of themaximumcorrelationthatcorrespondsto the time lag (Fig. 6.7), implying that in areas

characterizedby anegativetime lag,theshapeof theresponsesignalmightdiffer slightly from

theinputsignalascorrelationcoefficientsareratherlow.

A slightnegativetimelagis alsoobservedfor theTYPE I experimentalongtheShiraseflowline.

Althougha dammingmountainrangeis not presentin this area,a reducedsubglacialcontin-

uationof the mountainchaincanbe observed between400 and600 km from the ice divide,

associatedwith a similarpatternin thebasaltemperatureprofile (Fig. 6.2).

6.5.2 Rangeanalysis

Theamplitudeof the responsetime series,i.e. the rangeof verticalsurfacevariationsat each

gridpoint, is taken as the differencebetweenthe maximumand the minimum of the series

(Fig. 6.8). Generally, the rangeof ice-surfacevariationsalongthe Shiraseflowline is higher

(150-200m) thanfor theAsukaexperiments(40-100m). Sinceice thicknessin theinlandpart

arecomparablefor both flowlines, the differencemight be dueto a lower accumulationrate

in the Asukadrainagebasin. Furthermore,ice motion is muchfasterin the Shirasedrainage

basin. Again, all four curves in Fig. 6.8 display a marked jump in their profile associated

with thepresenceof the(subglacial)mountainrange.The lowestamplitudeis encounteredin
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Figure6.6: Time lag betweenthe input and responsetime seriesat each gridpoint along the

flowline for the four experiments,i.e. TYPEI (opencircle) and TYPEII (filled circle) along

theShiraseflowline; T-COUPLING(opentriangle) andISOTHERM(filled triangle)alongthe

Asukaflowline.

themountainareafor theT-COUPLING experiment,which correspondswith thetime seriesof

Fig. 6.4.

6.5.3 Fractal analysis

Long-termclimatic seriesareconsideredto beself-affine (non-isotropic)fractals(Fluegelman

andSnow, 1989;Turcotte,1992),characterizedby a fractaldimensionlying between1.0 and

1.5.A fractalanalysisof theoxygenisotoperecordof thePacificCoreV28-293revealedafrac-

tal dimensionof 1.22,meaningthatsuchtime seriesshows persistencethroughtime (Fluegel-

manandSnow, 1989). The aim of our study is to usea fractal analysis– or an analysisof

varianceondifferenttimescales– to interpretthedifferencein responsepatternsalongthetwo

flowlines. A commontechniqueis therescaledrangeanalysis(RSA; Feder,1988)thatwe ap-

plied to the the time seriesof local imbalanceξ U t VXW ∂H
∂t . The rescaledrangeRY S thenis the

ratio of therangeR, i.e. thedifferencebetweenthemaximumandminimumof cumulatedval-
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Figure6.7: Maximumcorrelationcoefficient correspondingto the time lag betweenthe input

and responsetimeseriesat each gridpoint along the flowline for the four experiments.Same

legendasFig. 6.6.

uesof ξ at time t over a time spanτ, andthestandarddeviation Sestimatedfrom theobserved
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Therescaledrangeis shown to haveapower law dependenceon timespanτ (Feder,1988)
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Figure6.8: Range(differencebetweenmaximumandminimum)of thevertical ice-surfacevari-

ationsat each gridpointalongtheflowlinefor thefour experiments.SamelegendasFig. 6.6.

whereH is the Hurst exponent. If H is greaterthan0.5 andlessthan1.0, it is relatedto the

fractaldimensionDH by DH k 2 l H (FluegelmanandSnow, 1989). For eachresponsetime

seriesalongtheflowline DH wasdeterminedfrom a linear leastsquaresfit of log m Rn So versus

log m τ o (Fig. 6.9 and6.10). For the Asukaflowline experimentsDH lies between1.1 and1.3,

graduallyincreasingtowardsthecoast.A smallbumpis observednearthemountainareafor

the T-COUPLING aswell as for the ISOTHERM experiment,althoughthe DH of the latter is

lower over the whole flowline. A much higher fractal dimensionis observed for the TYPE

I experimentassociatedwith the occurrenceof the high frequency oscillations,which is not

shown in the TYPE I I experiment. The sharpvertical jump in this DH curve around600 km

from theicedivide (Fig. 6.10)marksthelimit of theinfluenceareaof theseoscillations.

Thus,the varianceon differenttime spansof the responsesignalincreasestowardsthe coast,

but is hardly influencedby the presenceof subglacialmountains,nor the contrastin stiffer /

softer ice. Differentresponsepatternsin termsof high frequency oscillationsaccountsfor a

high fractaldimension.With exceptionof theTYPE I experiment,thefractaldimensionof the

responseseriesis lower thanthe DH of the input signal (taken asξ k ∂M
∂t ). This meansthat

the responsesignalsaresmootherandsmall scaleclimatic variationshave lesseffect on the
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perimentof theAsukaflowlineat gridpointb. Theslopeof thefittedline H = 0.78,representing

a fractaldimensionof DH = 1.22.

ice-sheetresponse.

6.6 Discussionand conclusions

Numericalice-sheetmodelexperimentswerecapableof simulatingdifferentresponsepatterns

of theEastAntarcticice sheetto theclimatic signalasobservedin thefield, i.e. thelargethin-

ning ratein Shirasedrainagebasinandthesmallglaciervariationsthat– accordingto glacial-

geologicalevidence– occurredover the last 200 ka in the nearbySør RondaneMountains,

DronningMaudLand. Whetherthe high frequency oscillations,asa resultof the interaction

betweentheice-sheetthermodynamicsandbasalsliding,area dynamicprocessthatreally oc-

cursin Shirasedrainagebasinhasneverbeenprovendueto thelackof field evidence.However,

similar mechanismsarecapableof explainingthedynamicsof theSipleCoastice streams,i.e.

aswitchingbetweenfastandslow ice-streamflow (A.J.Payne,personalcommunication).

All of the above describedtime seriesanalyses,i.e. lag correlation,rangeand fractal anal-
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asFig. 6.6.

ysis, demonstratethat the presenceof a coastalmountainrangeinfluencesto a large extent

the responseof the ice sheetto theclimatic signal,not only in placeswherethe ice is clearly

dammed(SørRondanefor instance),but alsowherea subglacialcontinuationof this moun-

tain chainis visible (ShiraseGlacier). In thefirst case(Asukaflowline) thedammingeffect is

observedby the markedconcavity in the ice-surfacetopographyforming an ice fall (Fig. 6.3,

upperpanel)andthereducedsurfacevelocitiesat thebottomof theice fall (compressedflow),

while in thelattercase(Shiraseflowline) noneof theseareobserved. Thelag correlationanal-

ysis in particularrevealssomethingmore: in caseof theAsukaflowline experiments,thetime

laggedresponseof the ice sheetis positive along the whole flowline when an isothermice

sheetis considered(ISOTHERM). However, a marked differentiationis observed when full

thermomechanical-mechanicalcoupling is considered(T-COUPLING). Sincemostof the ice

deformationis concentratedin thelower (basal)layersof theice sheet,basaltemperaturecon-

trols to a large extent the flow characteristicsof the ice sheet.For both flowlines, cold basal

temperaturearefoundin thepresenceof subglacialmountains(Figs.6.2and6.3,lowerpanel).
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Small ice thicknessanda high surfaceelevationimpliesa fasteradvectionof cold ice towards

thebaseof theicesheet.

While both lag-correlationand rangeanalysisclearly show an aberrantice-sheetbehaviour

relatedto thepresenceof subglacialmountains,thefractalanalysisonly accountsfor theeffect

of coastalhigh frequency oscillationscausedby basalsliding. Thefractaldimensionof theice-

sheetresponseis lower thanthedimensionof theinput signal,but increasestowardsthecoast,

hencetheice-sheetresponseis smootherin theinterior thanin thecoastalarea.
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