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“ To enterGreaterAntarcticais to bedrawninto a slowmaelstom
ofice. Iceis thebegginningof Antarcticaandiceis its end. Asonemoves
from perimeterto interior, the proportion of ice relentlesslyincreases.
Ice createsmore ice, andice definedce. Everythingelseis suppessed.
Thisis a world derivedfroma singlesubstancewater in a singlecrys-
talline state snow transformednto a lithosphee composeaf a single
minemrl, ice. Thisis earthscapdransfiguedinto icescape Here is a
world informedby ice: ice that weldstogethera continent:ice on such
a scalethat it shapesand definegtself: ice thatis both substanceand
style:icethatis bothlandscapeandallegory. ”

— Stephend. Pyne,Thelce, ajourney to Antarctica.

“ 1Jsis graagijs hoevel hetveroordeeldis te blijven waar hetzich
bevindt. Hetis als dedoodvoor smeltenwantsmelterdoetpijn. Alshet
begint te dooien,hoor je hetgrienen,endaarnazelfsknarsetandenpok
al verkrijgt heter devrijheid vanwaterdoor. ”

— Waltervande Broeck,Geklevennahetbal.

“ Whenyou measue whatyouare speakingaboutand expressit in
numbes, youknowsomethingboutit, but whenyoucannotexpressit in
numbes your knowled@ aboutis of a meayre and unsatisfactorykind.

— William ThomsonLord Kelvin.

“ It is a capital mistale to theorizebefoe onehasdata.”
— Sir Arthur ConanDoyle, A Scandain Bohemia
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Foreword

After spendinghreeweeksin the noisy comfortof thelcebrealr “Shirase”,| wasdroppedoy
helicopterat “San-ju miles” (L30), a black dot on the mapbut in reality nothingmorethana
white spotsubmegedin anevenwhiter plain. Whenthe helicoptertook off, | enjoyedthefirst
completesilencefor alongtime. Therewasnothingto seebut snaw, exceptfor this tiny black
spotat the horizon, Romncesfjelletseventy kilometersaway, a massve nunatakpostedasa
pillar of Herculesattheentranceof the SgrRondanéMountains.Thiswasmy first contactwith

the Antarcticice sheetpackin 1990.Both thememorabldield experienceandthe opportunity
to carry out researchn Antarctic glaciologywere only possiblewith the help and supportof

mary people.

In thefirst placel would like to thankmy promotorHugo Decleir, who introducedmeto the
field of Antarcticglaciologyandgave methe opportunityto headsouthvardfor the Antarctic.
| amgratefulfor all his advice,support.criticism andthefreedomhe gave meto carryoutthis
research.

This researctwould not have beenpossiblewithout the help andsupportof the peopleat the
Nationallnstituteof PolarResearc{NIPR) in Tokyo, especiallyT. Hoshiai,the formerdirec-
tor of NIPR; O. Watanabey. Fujii andT. Furukava of the glaciologydivision; K. Shiraishi,
the field leaderof the JARE-32 SgrRondaneparty, Y. Ebinawho carriedout the gravimetric
measuremen@uringthis field seasonandK. Moriwaki. | amgratefulfor their hospitality the
opportunitythey gave meto join JARE-32,the datathey suppliedme andthe lengthydiscus-
sionsl hadduringthe mary times| wentto Japan.Furthermore] like to thankR. Naruseof
the Institute of Low TemperatureSciencesat Sappordfor the interestanddiscussionsn the
ShiraseGlacierice dynamics.

EveryoneattheDepartmenof Geographyasbeenhelpfulandunderstandingy mary ways.In
particular wouldlik eto thankPhilippeHuybrechtsvhointroducedmeto thefield of modelling
andthe “club of modellers”. | learneda lot from him on this subjectover mary discussions.
Many thanksto JanVan Mieghemfor drafting mary of the (older) figures,andto Wim Van
Huelewith whom| sharethe office andtolerateany changingmoods.| appreciatédim asfield

Vv



Vi ICE SHEETDYNAMICS IN DRONNING MAUD LAND

companionfent-mateandfriend. | wouldlik e to thankthepeopleatthe VUB/ULB Computing
Centerfor theirlogistic supporton hard-andsoftware.

To all my friendsandfamily | wishto expressmy gratitudefor their assistancandsupport.In
particularl would like to thankBob Quick, Julieandtheir family for their keeninterestin my
researchfor proof-readingandfor taking my mind off the subjectoncein a while duringthe
mary hoursof weeklyjazz-playing.

Finally, | thankMariannefor herlove, patienceandencouragement.

| dedicatethis thesisto the memoryof my father

LanzhouPR. China,Septembe998. FrankPattyn



Abstract

This studyaddressethe dynamicsof the Antarcticice sheetin easterrDronningMaud Land
whereit is drainedby outletglaciers— flowing throughcoastaimountainranges- andby fast-
flowing continentalce streamslt furtherinvestigateshelocal variationin ice sheetbehaiour
in the sameareaasa responseo the climatic signalover a period of the last 200 000 years.
Both taskswereaccomplishedby field work, satelliteremotesensingandnumericalmodelling
of theice sheetsystem.

Onthebasisof field work carriedoutin collaboratiorwith the Japanes@ntarcticResearchex-
pedition(JARE), andby meansof both LandsatThematicMapperandSPO" satelliteimagery
a qualitatve and quantitatve picture of the glacier characteristicand subglacialrelief of the
centralpartof the SgrRondanareais presentedThequantitatve dataarethenusedin amodel
to simulateboththe presentandthe pastglacierbehaiour.

A high resolutiontwo-dimensionatime-dependerftowline modelwasdeveloped,takinginto
accountgrounded-icejce-shelfandice-streammechanicspasalmotion andisostaticadjust-
ment. Furthermore the two-dimensionakemperaturdield is calculatedand coupledto the
ice-flow field. Themodelis numericallysolvedonafixedgrid in spaceandtime usingthefinite
differencemethod.

An analysisof ice streamdynamicsunderdifferentbasalconditionsrevealeda thermallyreg-

ulatedcyclic behaiour, stronglyrelatedto the hydraulicconditionsat the bed. Applying this

mechanisnto ShiraseGlacier a possibleexplanationis givenfor the rapidice sheetthinning

whichis atpresenbbsenedin Shirasedrainagebasin. Themodellingexperimentshovedthat
this thinning could not be solely attributedto the local imbalancedueto Holoceneice sheet
retreat.

For the paleo-reconstructioof the ice sheetin easterrDronningMaud Land, the modelwas
forcedwith the climatic signalin the pastandeustaticsea-leel variations.The outcomeof the
experimentavasthencomparedo glaciologicalmeasuremenendgeomorphologicadvidence
onpastglacierstandsn the SgrRondanelt wasfoundthatthelocal differentiationin ice-sheet
responses primarily relatedto the sensitve interplaybetweensurfaceaccumulatiorpatterns,
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viii ICE SHEETDYNAMICS IN DRONNING MAUD LAND

thermomechanicagropertieof theice sheetandbedrockroughnessin particularthepresence
of asubglaciatoastaimountainrangeinfluencedo alarge extentthedynamicsof theice sheet
andits responseo climatic changes.
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Historical background

Antarcticahaslong beenknown as“having to bethere”atthe far reache®f the earth,without
ary substantiaproof for its existence. Inventedby Ptolemyin his questfor symmetry Terra
Australis Incognitaextendedby the mid sixteenthcenturyasfar as Tierra del Fuego (South
America)andencompassetthe whole of AustraliaandNew Zealand With thediscovery of the
Drake Passagen 1577the edgesof the unknavn land on world mapswere patiently nibbled
off in thefollowing centuries.This periodcameto anendwhenJamesCook, with the vessels
Resolutionand Adventure,circumnaigatedthe continent(1772-1775) therebycrossingthe
polar circle on several occasions He never sightedland, but considerablyreducedhe size of
Terra Australis Incognita. Boorstin (1983) thereforelabelledhim “the exponentof negative
discovery”. It wasnot until thefirst half of the nineteenttcenturythatthe mythical continent
revealeditself. The carefuldescriptiongivenin Bellingshauseis accountseemso corvince
readerghathe sightedthe edgeof the continentakhelfin 1820(Fogg,1992). Up to thattime,
nobodyhadseeranice shelfandBellingshausewuid notknow its nature.

Sciencealways playeda partin thoseearly polar expeditions. On his circumpolarventure,
Cook took a naturaliston board. Going placesmeantdiscovery; a new geographynew cul-
turesandnewn animalandplantspeciesExpeditionghatfollowed— Wilk es,Dumontd’Urville,
Ross- werealsoto a certainextentscientificin nature.Althoughscientificsocietiesverecon-
sultedaboutthe programmesthe executionof the sciencevasdirectedby naval officers(Fogg,
1992).This picturegraduallychangedfterthesixth InternationalGeographicaCongressheld
in Londonin 1895. In relationto Antarctic sciencet wasagreedhat “the explorationof the
Antarcticregionis thegreatespieceof geographicagxplorationstill to beundertalen” and“in
view of the additionsto knowledgein almostevery branchof sciencewvhich would resultfrom
sucha scientificexplorationthe Congressecommendshatthe scientificsocietieghroughout
theworld shouldurge in whatever way seemdgo themmaosteffective, thatthis work shouldbe
undertakenbeforethe closeof the century’ Thefirst expeditionsto respondwverethe Belgica
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4 ICE SHEETDYNAMICS IN DRONNING MAUD LAND

expeditionof Adrien de Gerlacheandthe SouthernCrossexpeditionof CarsterBorchgrevink,

who for the first time systematicallyrecordedyearround meteorologicabbsenationssouth
of the Antarcticcircle andmadenumerougyeological glaciological,zoological,magneticand
auroralobsenations.Thesetwo expeditionsgreatlystimulatedaninterestin southpolarexplo-

ration,andin 1902threenationalexpeditionswinteredin the Antarctic— anEnglishexpedition
underthecommandf R.F Scott,a Germanoneunderthecommandf Prof. E. von Drygalski,
anda Swedishoneled by Dr. O. Nordenskitld. A Scottish(Bruce)anda French(Charcot)
expeditionsoonfollowed. It hadbecomerecognizedhat geographiaiscovery andscientific
explorationaredifferentandrequiredifferentkinds of expeditions. Glaciologicalresearchat
this stagewasnaturallymoredescriptve thanquantitatve or theoreticalandby the beginning
of the twentiethcenturythe generaloutline of the Antarctic continenthadbeendelineated.It

wasapparenthatthe Antarcticinterior consistef a vastamountof snav andice. How deep
it wasandwhatthe depositionof the supportingandmassmightbewerequestionghattook a
long time to answer
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Figurel.1: Situationmapof Antarctica.

A significantturning point canbe noticedafter 1918 whenscienceenteredthe phaseof New
Industrialism(Fogg,1992).In particular Antarcticsciencenasbeenaffectedby thetechnolog-
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ical changeshattook place.RichardE. Byrd introducednew andindispensabléechnologyin
Antarcticexploration,suchaspoweredvesselsglectricalcommunicationmechanizedurface
transportand aircraft. Therebeganlarge scalediscovery and aerial mappingof the Antarc-
tic continent— and of DronningMaud Land" in particular In 1927, the wealthy Norwegian
whalerLars Christensesentout thefirst of his Antarcticexpeditions.Over the next tenyears,
Christensersponsorechine suchexpeditions concentratingpntheareabetweer2(® and45°E,
anddiscoreredmorethan3700km of coast.In 1930,a Norwegian expeditionunderHjalmar
RiiserLarsendiscoreredand surneyed new sectionsof the Dronning Maud Land coast. The
first large-scalemappingin theareawasachievzedduringthe GermanSchwabenlandxpedition
underCaptainAlfred Ritscher just beforeWorld War Il began. Making useof two airplanes,
the expeditionsystematicallyphotographeén areaof 250000 km? betweenl0°W and2C°E.
They werethefirst to usephotogrammetryor mappingin the Antarctic (Fogg,1992). A num-
ber of new mountainswerediscovered,including a chainof high peaksextendingfrom 71°S
to 73’S. Immediatelyafterthe SecondWorld War, the US Navy cameup with a bold ideain-
volving 13 ships, 23 aircraftand over 4700 men, primarily with the purposeof a testingand
training exercise. OperationHighjump (1946) successfullyphotographeadhearly 3.9 million
km? of Antarctica,alsocoveringa substantiapartof DronningMaud Land.

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

pointlittle hadchangedTheoreticalglaciologyonly emepgedafterthe SecondNorld War and
stronglyinfluencedthe Norwegian—British—Swedislkexpeditionof 1949-52. This wasthe be-
ginningof modernAntarcticglaciology During this expeditionthefirst detailedsoundingsn

theinteriorweremade.Thetraversewas650km in lengththroughthe mountainsof Dronning
MaudLandonto thecentralplateauRobin,1953). Theice wasfoundto beupto 2400m thick,

with theunderlyingrock surfaceonly afew hundredmetersabove seaevel and,in placeswell

below it. Furthermorethey recoveredthefirst significantAntarcticice corefrom theMaudheim
ice shelfusingmodifiedrock-drilling equipment(Fogg, 1992). Ice physicsbeganto make an
impacton Antarctic glaciologywith the introductionof Glen’s flow law (Glen, 1955), stating
asimplepower relationshipbetweerstressandstrainratesandbeingparticularlyusefulin the
analysisof glaciermovement.Thebehaiour of iceis neitherpurelyviscousnor purelyplastic,
andNye (1959) proposedhat the Antarctic ice sheetmovesmore or lessasa sliding block,
with internaldeformationconcentratedh the basallayersof theice mass.

TheInternationalGeophysicalear(IGY) beganin 1957andmeanta break-througHor inter-
nationalcooperatiorand massve scientificinterestin the Antarctic. Most stationserectedon
the Antarctic continentarestill operatingtoday thusensuringa continuousdatacaptureover
thewholeof Antarctica.DuringthelGY, two winteringbasesvereestablishedh easterrDron-

IDronningMaudLand—namedafterQueerMaudof Norway —is thatareaof the Antarcticcomprisecbetween
20°W and45°E (Fig. 1.1). Both northernandsoutherriimit arenotdefined.
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ning MaudLand,i.e. the BelgianRoi Baudouinbase(closedin 1967)andthe Japanes&yowva
Station(still active today). Despitetheseefforts, scientificresearchin Antarcticais eventoday
oftenlimited by logistic costs,andremaingdifficult owing to the harshpolarervironment.The
monitoringof ice sheetgrom spacenasopenedip anew eraof ice sheeresearchBindschadler
(1998) summarizeshe adwent of this new tool in polar glaciologyasfollows: “Scientistsus-
ing satellitemeasurementsan study violent weatherwithout enduringit, cancontinuemea-
surementshroughthe months-longcloak of darknessandcanevenusetreacherousrevasses
withoutrisk to betterunderstandhe polarregionsfrom the comfortof theirhomeinstitutions”.
Thesamegoesfor thenumericalmodellingof ice flow; boththe quantityof new dataavailable
on the presenice massandits history, andthe developmentsn computertechnologycorvert
large-to medium-scalsimulationof ice sheetbehaiour into animportanttool for interpreting
pastandpresenice dynamics.

However, despiteall efforts andevolutionsin technologyandsciencethe Antarcticice sheet
largely remainsunexplored. Therearestill placesunseerandunmeasuredndthereexist mary
gapsin our understandingf theice sheets behaiour within the globalenvironment.This dis-
sertatiorformsjustatiny piecein thegiantjigsav puzzleof Antarcticknowledge.lt comprises
a collection of six scientific paperson ice-sheetdynamicsin easternDronning Maud Land.
They coversubjectsuchasdatacollectionandanalysis satelliteremotesensingandnumerical
ice-sheemodelling. The papersarereprintedhereasthey arepublishedj.e. withoutalterations
or correctiondo the publishedmanuscript.



The Antar ctic dichotomy

Antarcticais a continentof superlatvesandrecords.It is the coldest driestandwindiestplace
on earth,the highestcontinentcontainingthe largest, thickestand probablyoldestice mass.
Hence the Antarcticice sheetplaysa majorrole in the earths ervironmentalsystem.It influ-
encedo alarge extentthe earthradiationbudgetandmajorenegy transports.

Both from a geologicalandglaciologicalviewpoint, Antarcticacanbe dividedinto two areas,
separatethy the Transantarctidlountainsg(Fig. 1.1). Thelargestandgeologicallyoldestpartis
EastAntarctica.lts counterparts WestAntarctica,whichis smallerin sizeandis mainly com-
posedof youngerocks. Large partsof boththe EastandWestAntarcticbedrocklie at present
belon sealevel. However, if all theice wereto beremoved, the EastAntarctic cratonwould
rise well above sealevel, owing to isostaticadjustmentwhile West Antarcticawould largely
remainsubmeged. This differencein ice sheetsizeandbedrockelevationlargely reflectsthe
dichotomyin ice sheebehaiour.

2.1 The WestAntar ctic ice sheet

For several decadesiow, scientistshave shavn a keeninterestin the behaiour of the West
Antarcticice sheet. Unlike its EastAntarctic counterpar{seebelov) the West Antarcticice
sheeis believedto beinherentlyunstable Sincemostof thebedrocKies well below seaevelt,
it is surroundedy floatingice shehesalongwhich mostof theice dischage occurs.In view
of aclimaticwarming,theice shehescouldbecomesubjectto anincreasedbottomandsurface
melting, hencebecomingthinner andmaylose contactwith pinningpoints. This might result
in adecreasén backstresqexertedby pinning pointsandice rises)leadingto anincreasen

1Suchanice sheets calleda marineice sheet
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ice dischage andeventuallya (partial) disintggrationor collapseof theice sheet.An increase
in sealevel dueto climatic warming might even acceleratehis processy causinga general
groundingline? retreat.Satelliteradarmeasurement$or instanceshavedthatthe hinge-liné
positionof the PinelslandGlacierretreatedapidly, by morethanl kilometerperyear between
1992to 1996 (Rignot, 1998). The retreatis likely to have beencausedy aninflux of warm
seavaterwhich enhancedneltingat thebaseof theglacier

Anotherscenarido destabilizeheWestAntarcticice sheeis by creepinstability (Clarke etal.,
1977). Climatewarmingcausesan increasdn ice deformationrates,resultingin anincrease
in strain heatingandthusin ice temperaturewhich will further increasedeformationrates.
This givesrise to a positve feedbackleadingto a runavay of ice. However, as Huybrechts
andOerlemang1988)have demonstratedjorizontaladwection—whichwasdisregardedn the
above analysis—- might counterbalancthe effect of ice temperaturéncreasesothatthe creep
instability is unlikely to occur

Theabove two analysesarebasedon simplemodelsof a marineice sheetthatdid notinclude
fast-flaving, wet-basedce streamswhich arenow known to dominatethegroundedce sheet.
How thesdce streamsaffectthestability of theWestAntarcticice sheeis still uncertainputre-
centtheoreticalvork tendto supportheideaof stability asopposedo instability (vanderVeen,
1985; Hindmarsh,1993; Hindmarsh,1996; Bentley, 1997;Bentley, 1998Db). Ice streamanay
supplyice to thegroundingline fastenoughto preventgrounding-lineretreat(Bentley, 1998a).
Accordingto Bell etal. (1998)andAnandakrishnaetal. (1998)ice streamdevelopments to
alarge extent controlledby the subglacialgeology The underlyingsedimentaryocksarethe
sourceof thelubricatinglayerof dilutedsedimenbeneatttheice. An ice streamcanonly exist
wherethe sedimentaryocksarethick enoughto ensurealong-termsupplyof dilatedsediment.
Theimpactof globalwarmingcouldbe expectedo causdargedecreas@ ice shehesbut have
— accordingto modelexperimentsncluding basalmelting beneathce shelhes— little impact
on the grounded-icevolumeor sealevel over the shortertermof about100years(Buddetal.,
1994).

With regardto the late Pleistocenéhistory of the West Antarctic ice sheet,we are also still

far from reachinga consensusAccordingto Schereret al. (1998)the occurrenceof young
diatomsandhigh concentrationsf beryllium-10beneatlgroundedce atice StreanB indicates
that the RossEmbaymentvas an openmarineervironmentafter a late Pleistocenecollapse
of the marineice sheet. Model experimentsof MacAyeal (1992) confirm the possibility of

sporadiacollapseof theice sheeturingthepastmillion years althoughmodellingexperiments
do not pointto a collapseof the entireWestAntarcticice sheeffollowing a glacial-integlacial

2Thegroundingline is the boundarybetweerthe groundedce sheef(restingon the bedrock)andtheice shelf

(floatingonthe seawater).
3Thehingeline marksthelimit of tidal flexing of theglacier
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transition,nor dueto an enhancedvarming and/ormelting (Huybrechts,1990b;Huybrechts
andOerlemans1990;Buddetal., 1994).

2.2 The EastAntar ctic ice sheet

The EastAntarctic ice sheetis generallyregardedas a more stablefeaturecomparedo the
WestAntarcticice sheet.Local glaciation(glaciersandice caps)originally developedon the
highersurfacesof the EastAntarctic cratonprobablyaroundthe Eocene-Oligocenboundary
(37.5Ma BP). By the beginning of the Miocene,Antarcticawascompletelyisolatedwith the
developmenif circumpolarcurrentsandthe presengeographyof the continentwasin place.
A largeincreasen ice coverataroundl5Ma Bp canbeobsenedfrom globalproxy data(Miller
etal., 1987).FromtheLateMioceneuntil theendof thePleistoceneheEastAntarcticice sheet
did notremainconstanin sizeandwasat mary timeslargerthanit is nonv. However, thereare
differentviews asto how theice sheetbehaed duringthe Pliocene a periodcharacterizedby
temperaturea few degreeshigherthantoday (KennettandHodell, 1993). The differencesn
views arerelatedto the discovery of marinediatomsandin situ fossil terrestrialplantsin thick
sequencesf glacialsedimentsathighelevation(Webbetal., 1984;WebbandHarwood,1991).
Theseobsenrationsled to the hypothesioof WebbandHarwood (1991)thata numberof major
fluctuationsof the EastAntarcticice sheetoccurredduringthe late Pliocene.Contraryto this
view standghe“stableice-sheet’hypothesi®f Dentonetal. (1984)andDentonetal. (1993).
Basingtheirideasongeomorphologicandglacial-geologicabbsenationstheseauthorfound
ampleevidenceof prolongedcold desericonditionsin ice freeareassuchastheDry Valleysin
the Transantarctid&ountains.Numericalmodellingexperimentsof the Antarcticice sheetalso
confirmthestabilistview (Huybrechts1993),i.e. thataconsiderablgvarmingseemsiecessary
to disintgyratethe EastAntarctic ice sheet. Regardingthe presencef marinediatomsin the
Sirius Formation,someauthorsbelieve thattheseare carriedthroughthe atmospherérom the
Antarctic maigin and beyond, as several speciesof both marineandterrestrialdiatomswere
detectedn snowv from theinlandice sheet(KelloggandKellogg,1996).

Thecyclic patternof globalice volumechangehroughthe Quaternarys well establishedrom
deep-seaecords,but it remainsdifficult to infer from thesedataalonethe variationsin size
of the Antarcticice sheetpecaus®f the dominanceof NorthernHemispherace sheetsn the
variationof Late Quaternaryce volume. Theclimatic historyfor the Antarcticregion hasbeen
successfullyextractedthroughice core studies. Deepice coresat Vostok Stationprovide a
continuougecordof pasttemperaturehangesver the last400000years(Petitetal., 1997).
An ice coredrilled at Dome Fuiji, covering at leastthe last 350 000 years,seemsn overall
agreementvith the Vostokresults(O. Watanabepersonatommunication)Quaternarnyglacial
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history is alsorecordedin sequenceslepositedon the Antarctic shelf, slopeandrise. The
EastAntarctic ice sheetmaigin reachedhe continentalshelf breakat Prydz Bay during the
LastGlacial Maximum (LGM; Domacket al., 1991), but groundedce did not reachthat far
at mostotherplaces,evenin the RossSeasector(Andersonet al., 1992),asis confirmedby
modelling results(Huybrechts,1990b). In the Sgr RondaneMountains,a coastalmountain
rangein Dronning Maud Land, the LGM ice surfacewas only a few metershigherthan at
presen{Moriwakietal., 1992).

Ice sheetmodelshave now reacheda stageof developmentwherethey canbe usedto place
reasonabldimits on the size and time scaleof ice sheetsand glaciersgiven ernvironmental
conditions. They arethusof helpto reconstructhe glacial history from geologicalevidence,
whichis by its naturefragmentary



3

A Dronning Maud Land perspective

3.1 Aims and methods

This studyhastwo majoraims. Its first aim is to understandhe present-dayce-sheetlynam-
ics in EastAntarctic coastalareaswhereboth “slow” and“fast” ice flow occur The “slow”
groundedce flow is basicallygovernedby shearingcloseto the bedandformsthe mostcom-
monice deformationtype of the EastAntarcticice sheet.However, whentheice-sheetmagin
terminatesat the seain the form of a floatingice shelf, a transitionzonecanbe definedwhere
theice-sheetlynamicqshearingygraduallyevolve towardsice-shelfdynamicgstretching) For
mostof the EastAntarctic coastalice sheet this transitionzoneis very small (of the sameor-
derof magnitudeastheice thickness)sothatgrounding-linedynamicsarethusonly governed
by ice-sheetlynamics(Hindmarsh,1993). In someplacesthe EastAntarcticice sheetis not
drainedalong suchmagins but throughfast-flaving outlet glaciersor ice streams.They are
characterizedby large basalvelocities, relatively small surfaceslopesanda low basaltraction.
Theinternalice dynamicsnvolve notonly shearingatthe bed,but alsolongitudinalstretching.
In mary caseghey lie in atectonictrench.Examplesf suchcontinentaice streamsreShirase
GlacierandJutulstraumeim DronningMaud Land.

Not only thesefast-flaving ice streamseemconstrainedy thelocal bedrockiopographythe
“slow” ice sheetflow is to a large extentinfluencedby the geologicalconfigurationas well.
The presenceof a mountainbelt surroundingthe EastAntarctic continenthasan important
impacton the EastAntarctic ice-sheedynamics,especiallyin stabilizingthe ice sheet. The
studyof the dynamicbehaiour of outletglaciersthat cut throughthesemountainrangesaids
in understandinthe preciserole of suchmountainrangeswithin the overall Antarcticice-sheet
dynamics.

The secondaim of this studyis to reconstructhe late-Pleistocenglacial history of ice-sheet

11
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Figure3.1: Reconstructingheglacial historyof the Antarctic ice sheet

variationsin accordancevith glacial-geologicafindings.Reconstructinghe growth anddecay
of the Antarcticice sheetin responseo the climatic signalremainsoneof themainchallenges
to the earthsciencecommunityand can be consideredas a key issuefor understandingpast
andfuture global change. Field evidencefor this purposecomesfrom two differentsources
(Fig. 3.1). Thefirst sourceconsistf the pureclimatic evidence providedby the glaciological
communityand obtainedmainly by meansof ice coredrilling nearthe centerof theice cap.
This dataprovidesus essentiallywith variationsin temperatureaccumulatiorrate,air andice
compositionin thetime domain.Thesecondourcds providedby theearthsciencecommunity
andencompassdbegeologicalevidence offshoremainly by seismicstratigraphyandonshore
by geomorphologicadvidencein the ice-freeareassuchasthe coastaloasisandthe mamginal
mountainranges.Suchdataindicatesthe spatialvariationsof theice sheetothin altitudeand
extent,andtime variationscanalsobe inferred. However, the proxy recordof onshoreglacial-
geologicalobserationsshavs former higher glacierstandsonly, sincesignsof lower glacier
standsareobliteratedby the presenice cover.

Climatic changeasrecordedn ice-coredata,andglacialgeologyarenotlinearly linked. The
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glacieror ice sheettranslateghe climatic signalto glacial-geologicakvidence. Interactions
of theice sheetwith the oceanbasalmechanicandinternalice dynamicsadd compleity to
this relationship. High resolutionnumericalmodelling hasthe potentialof providing physi-
cally soundconstraintdor the deductionof ice-sheetariations. Basedon geomorphological
evidenceof formerglacierstandsn maginalmountainrangesthisstudyaimsat(i) reconstruct-
ing a detailedhistory of glaciervariationsin time and(ii) determiningdecisve ice dynamical
processeandclimatic conditionsresponsibldor formerglaciations.

Themethodghatwereusedto achieze thesegoalsare:

1. Datacollectionin thefield, i.e. measuringce thicknessesy radio-echosoundingand
gravimetric surwey anddeterminingsurfacevelocitiesandlocal accumulatiorandabla-
tion ratesby remeasuringhe position of staleson outlet andlocal glaciersin the Sgr
RondaneéMountains, DronningMaudLand, Antarctica.

2. Mappingof the subglaciatopographyn the centralSgrRondaneéviountains.

3. Morphometricanalysisof measuredylacial crossprofilesin the central Ser Rondane
Mountains.

4. Spectrabnalysisof LandsafThematicMapperandSPO imageryfor studyingthesnov
andice surfacecharacteristics.

5. Determinatiorof changen blueice extentasa climatic changandicatorin the SgrRon-
daneMountainsby multispectrabndmultitemporalanalysisof SPO imagery

6. Developmenbf ahigh-resolutiomumericaflowline modelto simulatein atime-dependenc
theice flow of outletglaciersandice streamstherebytakinginto accounthe physicsat
theice sheetbasegbasaimotion)andin thegroundingzone(transitionbetweergrounded
ice-sheeflow andice-shelfflow).

7. Datacollection and samplingof ice thickness,surface and bedrockelevation, surface
accumulatiorrate and temperaturealong several flowlines in easternDronning Maud
Landasinput datasetsfor the modelexperiments.

8. Developmenof aforwardmodellingframeavorkin ordertoreconstructhelate-Pleistocene
glacial history of the ice sheetin easternDronning Maud Land in concordancewith
presenglaciologicalobsenationsandglacial-geologicagvidenceonformerglacierstands.

9. Timeseriesandfractalanalysiof theresponsef theice sheein easterrbronningMaud
Landto theclimatic signal.
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3.2 Generalconclusions

3.2.1 Paper 1: Subglacialtopography in the Sgr Rondane

An overview is givenof all subglaciatopographymeasurementsarriedoutin thecentralpartof
theSgrRondaneéMountains.A mapof thesubglacialeliefis compiledrevealingtheoverdeep-
eningof the centraloutletglacierswith bedrockelevationwell belov sealevel.

A morphometri@nalysisasednthecalculationof theformratio, shapdactorandthespectral
coeficientsof the power-law andthe parabolicequationof glacialvalley crossprofilesshoved

that the control of ice dynamicsand bedrockweatheringresistanceeannotbe neglected,due
to the variety of forms of glacial valley crosssectionsn the centralSgrRondane.Neverthe-
less,following the analysisof HiranoandAniya (1988),therelationshipbetweerthe b-values
(exponentof the power-law equationy — yo = a|x — Xo|?) andthe form ratio of the valley cross
sectionss in overallagreementvith theirproposedPatagonia—Antarcticenodelof crossprofile

evolution.

3.2.2 Paper 2: Satellite monitoring of ice and snowv

The useof satelliteimagesin polar regions facilitatesthe interpretationof grounddataand
extrapolationof fragmentaryfield knowledgeto muchlargercoherentireasLandsafThematic
Mapperimageryis shavn to be very usefulin the detectionof differencesn propertiesof the
alundantsnav cover andthe extractionof snov surfacetemperaturesAlthougha large error
remainson the absoluteemperaturesalculatedrom the Landsatimagesandthe obsenedair

temperatureat the time of imageacquisition,the temperaturegradient(lapserate) seemsn

accordancevith theobsenrations.

Topographianappingof glaciersurfacesin the centralSgr Rondanewith SPO imageryre-
sultedin aglacial-morphologicamapdisplayingmorphologicafeaturesontheglaciersurface.
At severalplacedn theleesideof nunataks layeredstructureof superimposedteis obsered,
which mightindicatethe existenceof formermeltwaterlakes.

A multispectraland multitemporalanalysisled to a quantificationof the extent of surfaceab-
lation areain time, which provedto be a powerful tool in analyzingglaciersurfacevariability
with respecto possibleclimatic change.
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3.2.3 Paper 3: Modelling glacier fluctuations in the SgrRondane

Basedon a simpleone-dimensionaime-dependenfowline modelwith a simplified thermo-
mechanicatouplingschemesensitvity experimentsverecarriedoutwith respecto “glacial”

ervironmentalconditions. In spite of someof the approximationsnvolved, the modelwas
showvn to be able to accountfor major characteristicof the presentglaciergeometry It is
foundthatlower ice temperaturesa reducedaccumulatioranda dropin sea-leel standcorre-
spondingto typical glacial conditionsaccountfor a 150—-200m risein glacierlevel. However,

theseestimateselateto steady-stateonditionsandinvolve ervironmentalscenarics of arather
schematimature.

A comparisorwith a paleogeographicakconstructiorof a maximumglacial stagein the Sgr
RondandHirakavaetal., 1988)revealedthatdepositsverenot from alate Quaternaryglacia-
tion but shouldbe from afull grovn ice sheetj.e. anearlierCenozoicglaciation.In thatcase
the groundingline reachedhe mamgin of the continentalshelf and higher precipitationrates
werethereforenecessary

3.2.4 Paper 4. Numerical modelling of fast-flowing glaciers

Recenbbsenationsin Shirasedrainagebasin,showv thattheice sheeis thinningata consider
ablerateof 1 meterperyear(Nishio etal., 1989). Surfacevelocitiesin the streamareareach
morethan2000meterperyear(Fujii, 1981),makingShiraseGlacieroneof thefastesglaciers
of EastAntarctica.A numericainvestigatiorof thepresenstresdield in ShiraseGlacierpoints
to theexistenceof alargetransitionzoneof 200km in lengthwherebothshearingandstretching
areof equalimportancefollowedby a streamzoneof approximately50 km, wherestretching
is thedominantdeformatiorprocess.

In orderto improvetheinsightin thetransienbehaiour of fast-floving glaciersatwo-dimensional
time-dependeritowline modelhasbeendeveloped,takinginto accountthe properice stream
physics. Both bedrockadjustmentandice temperatures calculatedandthe temperaturdield

is fully coupledto the ice-sheetvelocity field. Experimentswere carriedout with different
basalmotionconditionsin orderto understandheir influenceon the dynamicbehaiour of the
ice-sheetandthe ice-streamareain particular Whenbasalmotion becomeghe dominantde-
formationprocessa partial disintegrationof the ice sheetis counteractedby colderbasal-ice
temperatureglueto higheradwectionrates. This givesrise to a cyclic behaiour in ice-sheet
respons@ndlarge changesn localimbalancevalues.
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3.2.5 Paper5: Ice dynamicsnear Antar ctic mountains

Reconstructinghe glacial history of ice-coreredareasis not an easytask. In orderto im-
provetheinsightin paleogeographicaéconstructionsf theglacialhistoryof the SgrRondane
Mountainsandadjacentareasanexperimentaframevork — basedn time-dependente-sheet
modelling— is developedto determinepossibleglacier transferfunctionslinking the climatic
signalto the proxy recordof glacial-geologicafield evidence.

Most modelling studiesstartfrom a so-calledreferencesxperimentin which the ice sheetis

runin asteadystateunderpresenervironmentalconditionsandthe free parameteraretuned
to obtaina goodfit with the obsenations. This progressiely tuning resultsin only onemodel
simulationthatcloselymatcheghe obsenations.Consideringhefreeparametergor boundary
conditions)to lie within certainerror boundsit is possibleto obtainseveral solutions,asthe

experimentalframevork demonstrated At leasttwo scenariosvere obtainedfor the glacial

history in the vicinity of the mountainrangeconsistentwith both glaciologicaland glacial-

geologicabbsenations.Oneinterpretations thatonly minorglaciervariationsoccurredduring

the last 200 000 years,aswas concludedby Moriwaki et al. (1992),andthe presentglacier
surfaceis closeto its minimum, while the otherinterpretationis that glaciervariationsare of

the orderof 60 m, but thatthe presenglaciersurfaceis closeto its maximumelevation of the

last200000years.Outsidethe SgrRondaneneartheice divide aswell asin the coastalarea
bothscenariosrein accordandice-sheesurfacevariationsare of the orderof 60—80m. The

main differencebetweernthe inland areaandthe coastis thatnearthe ice divide the ice sheet
is at presentloseto its maximumposition,while in the coastalareadeglaciationis completed
andtheice-sheesurfaceis closeto its minimum.

3.2.6 Paper 6: The variability of Antar ctic ice-sheetresponse

High-resolutionnumericalmodel experimentswere carriedout alongtwo flowlinesin Dron-

ning MaudLand,oneflowline passinghroughthe centralpartof a coastaimountainrange(Sear
Rondanexndonealonga major continentalice stream(ShiraseGlacier). The SgrRondane
experimentsarethosedescribedn Section3.2.5, while the mechanisndescribedn Section
3.2.4(cyclic behaiour dueto the interactionof the basalhydraulicsandthe ice-sheethermo-
dynamics)s appliedto the ShiraseGlacierflowline. Resultsof the latterexperimentshaw that
the obsenedthinningin Shirasedrainagebasinandthe large velocitiesin the streamareacan
be simulatedwith the numericalmodelandcanbe explainedby this mechanismFurthermore,
thereis noneedfor amassve drainagenf ice in thecoastalreaof ShiraseGlacierto explainthe

large obsenedimbalancevalues the high frequeng of the oscillationsaccountfor this, while
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theice sheeremainsstable.Any runavay of ice is thuscounteractetby this thermomechanical
processA marineinstabilityis unlikely to occursincemostof thebedrockies above sealevel.

Both flowline experiments(Sgr Rondaneand Shirase)display a large differencein ice-sheet
responseo the climatic signal. The modelledresponséime seriesof theseexperimentsvere

analyzedy lag-correlationfangeandfractalanalysis It wasfoundthatthelocal differentiation
in ice-sheetesponsés primarily relatedto thesensitveinterplaybetweersurfaceaccumulation
patternsthermomechanicadropertiesof theice sheetandbedrockroughnessln particularthe

presencef asubglaciatoastamountainrange(extendingin Shirasedrainagebasin)influences
to alarge extentthedynamicsof theice sheetandits responséo climatic changes.



18

ICE SHEETDYNAMICS IN DRONNING MAUD LAND



Part I

Presentationof papers

19






Paper 1

Subglacial Topography in the Central Sar
RondaneMountains, East Antar ctica:
Configuration and Mor phometric Analysis
of Valley CrossProfiles.

Pattyn,F. andDecleir H. 1995.Subglacialfopagraphyin the Central SgrRondanéviountains,
EastAntarctica: Configuationand MorphometricAnalysisof Valley CrossProfiles. Nankyoku
Shiryd,(Antarctic Recod), 39(1): 1-24

ABSTRACT. In this paperanoverview is givenof all subglaciatopographymeasure-
mentscarriedoutin the centralSgrRondaneMountains. Dataof glaciervalley crossand
longitudinalprofilesweregatheredy gravimeterandradio echosoundingmeasurements
during former Belgian expeditionsand during the Japanesdéntarctic ResearctExpedi-
tions JARE-28 andJARE-32. Basedon thesedata,a mapof the subglaciattopographyin
the centralmountainareawascompiled.Furthermorea methodis presentedor analysing
the morphometriccharacteristic®f valley-glacier crossprofiles, which is shavn to give
betterresultsthanformer power law equations.Finally, the morphometricanalysisof the
presentglacierizedvalley crossprofilesrevealeda complex developmentregime, linked
with the erosionpotentialof theglacierizedarea.

21
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1.1 Intr oduction

The SgrRondanas atypical coastaimaigin mountainrangein EasternrDronningMaud Land,
stretchingoveradistanceof 220km in east—wedllirection,situatedcapproximatey200km from
the coast,with the highestelevationbeing3000m a.s.l. (Fig. 1.1). This rangeforms partof a
chainof mountainssurroundinghe EastAntarctic continentfrom the Borg Massifin Western
DronningMaudLand (5°W —73’S) to the YamatoMountainsin EasterrDronningMaud Land
(35°E — 72°S), which forms the borderwith the ice sheetof EnderbyLand andthe Shirase
DrainageBasin. Most of the ice flow comingfrom the polar plateauis drainedalong both
sidesof the SgrRondanegiving riseto two large outletglaciers Hansenbreem thewestand
Byrdbreenn theeast.A smallnumberof outletglacierscutthroughtherange all characterised
by varying ice fluxes (GunnestadbreerenningsbreerGjelbreen,...). From airborneradio
echosounding(Nishio andUratsuka,1991)it wasfoundthatthe subglaciatopographysouth
of themountainrangelies well above sealevel (1000to 2000m a.s.l.),while betweerthe Sgr
Rondanendthecoasttheice sheethasamarineconfiguratiorwith abedrockelevationranging
from -100to -300m a.s.l. Thereforeatthe coasttheice sheets drainedinto awell-developed
ice shelf(Roi Baudouinice Shelf).

Thefirst ice thicknessmeasurement® the SgrRondaneVlountainswere carriedout by Van
Autenboerand Blaiklock (1966), Van Autenboerand Decleir (1974) and Van Autenboerand
Decleir(1978).They appliedthegravimetric methodin anapproacho estimatehetotal glacier
ice dischage throughthe range. However, dueto the closingdown of the Belgian BaseRoi
Baudouinin 1967, researchactvities in this areawere adjourned. With the establishmenof
theJapanes@AsukaStationin 1985,50 km northof the SgrRondaneéMountains bothairborne
andoversnav radioechosoundingsuneys werecarriedout for thefirst time duringtheaustral
summerl986-87,in the coastalareaand southof the mountainrange(Nishio and Uratsuka,
1991).Also ice thicknessneasurementserecarriedoutin the centralmountainarea both by
radarandgravimetry (De Vos andDecleir, 1988;Decleiret al., 1989). Finally, during JARE-
32 (australsummerl990-91)both gravimetric measurementsndradio echosoundingsuneys
werecarriedoutin the centralSgrRondaneon outletglaciersaswell ason local glaciersand
valley glaciers(Pattynetal., 1992;Pattynetal., 1993). This papemreportson theice thickness
measurementarriedoutsofarin thecentralSgrRondaneandon a preliminaryanalysisof the
subglaciatopographyA newvw methodfor analysinghevalley crosssectionss alsopresented.
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Figurel.1: Topagraphic mapshowingthe SgrRondaneéMountainrangg, theinland ice slope
andBreid Bay.

1.2 Icethicknessmeasuements. methodology

1.2.1 The electromagneticmethod

Theusualequipmenfor radioechosoundingof ice have beenpowerful instrumentsijntended
for installationin aircraftsor oversnav vehicles. However, in mountainareasand on steep
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androughglaciersurfacesneitherof theseinstrumentcanbe used.The ScottPolarResearch
InstitutedevelopedasmallRadioEchoSoundefor operatioronawoodenNansersledge Both
transmitterandrecever, power supplyandrecordingequipmentverefitted in onealuminium
case,allowing room for both instrumentation(including two antennaspnd operatoron the
small sledge. The electromagnetisignal was transmittedat a frequeng of 160 MHz. The
performancef the soundemaslimited to 1000m, limiting its useto depthprofileson smaller
outletglaciersandvalley glaciersin the mountainrange. For the deeperpartsof the glaciers
the gravimetric techniquewasapplied. The gravimetric methodis alsosuccessfubn moraine
coveredice surfaces,wherethe electromagnetienethodfails and which are inaccessibldor
snaov sledgeor snaw scooter

1.2.2 The gravimetric method

Van AutenboerandBlaiklock (1966), Van Autenboerand Decleir (1974)and Van Autenboer
andDecleir (1978) appliedthe gravimetric methodin the SgrRondanean anapproacho es-
timatethe total glacierdischage throughthe range. Also during the summerfield season®f
JARE-28 (De Vos andDecleir, 1988;Decleiret al., 1989)and JARE-32 (Pattynet al., 1992;
Pattynetal., 1993)similar measurementserecarriedoutwith aWorden(JARE-28)andaLa-
Coste& Rombeg (JARE-32)gravity meter Crosssection®f themostimportantoutletglaciers
wereconstructedising Talwani’'s method(Telford et al., 1976)for modellingtwo-dimensional
gravity anomaliesAccordingto thismethodtheice thicknessn avalley crosssectionis calcu-
latedby aniterative proceduran which the computedgravity effectof amodelcrosssectionis
comparedvith gravity valuesmeasure@ntheglaciersurface.Generallythearealintegral rep-
resentinghegravity effectof thetwo-dimensionaice masss replacedy aline integralwhich
is thennumericallysolved by a polygonalapproximatiornof the peripheryof theice body: In
this casethe upperverticesof the polygon— which correspondvith the gravimeterobsenation
stations-areknown, while thelowervertices- verticallybeneatlihesameobsenationpoints—
relateto theunknown subglaciabedrock(Fig. 1.2). It is alsopossibleto composeheunknavn
ice masf asetof rectangulawverticalice prismsextendingfrom thebedrockio theice surface.
Eachprismthenhasa gravimeterstationasboundaryalongthe crossprofile (Fig. 1.2).

Thus, the gravimetric methodfor ice thicknessdetermination— unlike the electromagnetic
method- requiresdifficult modellingandis not alwaysunambiguous.Decleiretal. (1989)
presente@ comparisorbetweerradarandgravimetric soundingf two glaciercrossprofiles.
Takingtheradarthicknessessa standardit appearedhatthe gravity methodhighly depends
onthenumberof gravity stationsandonthemodellingprocedureemployed. They alsoinferred
anunderestimatef 10% in ice thicknesse®btainedin previous studiesin SgrRondangVan
AutenboeandDecleir, 1974;VanAutenboeiandDecleir, 1978).1n thisrespecttherecommen-
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Figurel.2: Polygonaland prismapproximationof glacier crosssection.

dationsof Decleiretal. (1989)werefollowedandall gravimetersoundingsn this studywere
analysecandmodelledin the same(unambiguousyvay. In caseof suficiently high densityof
gravity stationsthe prism methodwasused,becauset is lessliable to instability. However,
whenonly very few gravity stationsareavailable(5 to 10) the prismmethodoverestimatethe
ice thicknesdecausé producesanexaggeratederticalwall effect nearthe sideof theglacier
(Decleiretal., 1989).In thatcasethe polygonalmethodwasapplied.

1.3 Subglacialmorphologyin the central Sgr Rondane

Figs.1.6tot 1.30displayall valley crossandlongitudinalprofilesmeasuredn the centralSar
RondaneMountains,groupedper glaciertype (outlet glaciers,local glaciers)and name. Ta-
ble 1.1shows for eachprofile its major characteristicsihile the geographidistribution of the
profilesis givenin Fig. 1.3. Most of the ice thicknessprofiles are glacier crossprofiles, but
afew longitudinallineswerealsorun. The mapof the subglacialrelief (compiledafter these
measuredlata)is shavnin Figs.1.4and1.5.

In the centralpart of the SgrRondane Jenningsbreeand Gjelbreenhave cut a 40 km long
U-shapedvalley throughthe mountainrange. At the southernentrancethe ice is funnelled
throughafairly narrav gorge (3 km wide), spilling overandcascadinglown thetroughheadto
flow northwardsin awideningvalley (10-12km wide in theexit area).

Thenorth—southongitudinalprofilesof GjelbreerandJenningsbreearedisplayedn Figs.1.6a
and1.6brespectrely. For Jenningsbreewe have dravn the profile alonga meridianfollow-
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Table1.1: Overviav and origin of the longitudinaland crossprofilesof glaciers in the central
SgrRondaneMountains,Antarctica. Refeences:Van Autenboer(Van AutenboerandDecleir,
1974;Van AutenboerandDecleir, 1978); JARE-28(De Vos andDecleir, 1988; Decleir et al.,
1989)JARE-32(Pattynetal., 1992;Pattynetal., 1993),andunpublished.

Profile Nr. Measurement Type Source Fig.
Gjelbreenl Gl Radar long. JARE-32 1.6a
De Breuckbreer2 DB2 Radar long. JARE-32 1.6b
Jenningsbreeh JB1 Gravimeter cross JARE-32 1.7
Jenningsbreeh JB2 Gravimeter cross JARE-32 1.8
Jenningsbree@ JB3 Gravimeter cross JARE-32 1.9
Jenningsbreea JB4 Gravimeter cross JARE-32 1.10
Jenningsbree@entral JC Gravimeter  cross JARE-28 1.11
Jenningsbreen—EllisbreenlE Gravimeter  cross VanAutenboer 1.12
GjelbreerNorth 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
De Breuckbreeri DB1 Radar cross JARE-32 1.22
De Breuckbreers DB3 Radar cross JARE-32 ??
Goosenbreen GO1 Radar cross JARE-32 1.24
Berckmansl BM1 Radar cross JARE-32 1.25
Berckman 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 Breuckbreenacrossa smallridge A andthencontinuingthe middle and upperpartof
JenningsbreerBoth GjelbreerandJenningsbreedisplayin their upperpar{neartheice fall),
proceedinghorthwards,arapidthickeningof theice characterisetdy a steepbedrockslopeof
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Figurel.3: Detailedmapof the central part of the SgrRondanginsetof Fig. 1.1) displaying
themainoutletglaciers andthe measuedice thicknesrofiles.

120 m km~1 (the “trough head”), with the bedrockdipping belov sealevel some10—20km
north of theice fall. The maps(Figs. 1.4 and1.5) underscorehe subglacialrelief asanice
coveredfjord landscapeThe crossprofilesof the outletglaciersJenningsbreeandGjelbreen
(Figs.1.7-1.12and1.13-1.17displaymostlythecharacteristitJ-shapeof theicefilled valleys
oftenwith a slopebreakseparatingheregion with presensubaerialveatheringrom the area
with glacialerosion.Suchbreaksarealsoobseredin thedry valleys adjacento Jenningsbreen
andGjelbreerrevealingaformerhigherglacierstand(e.g. Hirakava andMoriwaki, 1990).

The SgrRondands thusdivided in a numberof massifs,separatedy the U-shapedvalleys,
creatinga comple landscapecharacteriseth thefirst placeby selectve linear erosion. The
interveningmassifson the otherhandare marked by small valley glaciersandlocal ice caps.
Thedominantflow directionof the larger outletglaciersaswell asthelocal valley glaciers,is
from southto north, even thoughsomedeepglaciers(Nipebreenand Mefjellbreen)between
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Figure 1.4: LandsatThematicMapper satelliteimage of Jenningsbeenand De Breudbreen
displayingsubglacialbediodk contousin m.

GjelbreerandKomsbreerilow in a marked east—westlirection. The crosssectionof Mefjell-
breen(Figs. 1.18-1.20learlyreveal a north—soutrltendingsubglaciakidge, linking the high
groundsof Mefjell (in the south)with the BerckmanskampeandMenipaarea(in the north).
This subglaciakidgeis probablyaremnanbof theridgebetweerthe south—nortHlow direction
of thepresentocalglaciersanddry valleys of Mefjell, cascadingnto GjelbreerandKomsbreen
respectrely. In alaterstadiumanincreasedce flow from theeast(Byrdbreen)robablylinked
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Figurel.5: LandsatThematidMappersatelliteimage of GjelbreenandMefjellbreendisplaying
subglacialbediodk contousin m.

the easterrandwesternpartof Mefjellbreen leadingto anundisturbedast—wesice flow.
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Figure1.6: Longitudinalprofile on Gjelbreen(a) and on Jenningsbeenand De Breudkbreen

(b).
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Figurel.7: Glacier crossprofile Jenningsbeenl (JB1).
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Figurel.8: Glacier crossprofile Jenningsbeen2 (JB2).
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Figurel.9: Glacier crossprofile Jenningsbeen3 (JB3).
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Figurel.10: Glacier crossprofile Jenningsbeen4 (JB4).
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Figurel.11: Glacier crossprofile JenningsbeenCential (JC).
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Figurel.12: Glacier crossprofile JenningsbeenEllisbreen(JE).
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Figurel.13: Glacier crossprofile GjelbreenNorth (GN).
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Figurel.14:Glacier crossprofile GjelbreenCentral (GC).
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Figurel.15: Glacier crossprofile GjelbreenLunderyggen (GS).
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Figurel.16: Glacier crossprofile Gjelbreen2 (G2).
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Figurel.17:Glacier crossprofile Gjelbreen3 (G3).
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Figurel.18: Glacier crossprofile MefjellboreenWest(MW).
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Figurel.19: Glacier crossprofile MefjellbreenCental (MC).
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Figurel.20: Glacier crossprofile MefjellbreenEast(ME).
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Figurel.21:Glacier crossprofile Nipebeen(N1).

Figurel.22:Glacier crossprofile De Breudkbreenl (DB1).
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Figurel.24: Glacier crossprofile Goosenbeen(GO1).

Figurel.25: Glacier crossprofile Berckmansl (BM1) of smallglacier in-betweerBerckman-
skamperand Menipa.
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Figure1.26: Longitudinalprofile Berckmans2 (BM2) of small glacier in-betweerBerckman-
skamperand Menipa.

Figurel.27: Glacier crossprofile Berckmans3 (BM3) of smallglacier in-betweerBerckman-
skamperandMenipa.
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Figure1.28: Glacier crossprofile Pilten 1 (P1) of smallglacier in-betweerPilten and Brattni-
pane

Figurel1.29: Glacier crossprofile Pilten 2 (P2) of smallglacier in-betweerPilten and Brattni-
pane
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Figure 1.30: Longitudinalprofile Pilten 3 (P3) of smallglacier in-betweerPilten and Brattni-
pane
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1.4 Glacial valley morphometry

In orderto analysethe valley form developmentof glaciers mathematicalechniquesreoften
used.Theform of avalley crossprofile canbedescribedy its form ratio (FR) andshapdactor
(f), andby a powerlaw equation.Theform ratio (FR) is thendefinedas:

D
FR W (1.1)
with D the heightof the trimline above the deepespart of the valley andW the half width of
thevalley. In additionto the form ratio, the morecomplicatedshapefactorcanbeintroduced,
definedasthe cross-sectionarea(Ar) dividedby the heightof thetrimline above the deepest

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

Ar
f — 1.2

Finally, the power law equationcanbewritten as:
y ax (1.3)

describinga curve wherey is the verticalandx the horizontaldistancefrom the origin, placed
in the centrallower part of the valley, to a point on the curve (Graf, 1970). The power curve
(Eq.1.3)canassumawide varietyof formsdeterminedy thevaluesgivento a andb. For b
1.0theresultingcurveis concae upwardsto adegreethatincreasesvith highervaluesof b. For
b 1.0thecurvewill beconvex upwards.In short,the coeficientb senesasagoodmeasure
for describinghevalley form, while theform ratio (Eq. 1.1) givesa complete guantitatve and
dimensionlessepresentationf the geometryof the crosssection.

Theuseof thepowerlaw equatiorendurednuchcriticismin thelastdecadeespeciallythrough
the papersof Wheeler(1984),Harbor(1990),andHarborandWheeler(1992). The power law
equationis generallyobtainedthroughalinearregressiomanalysidgn its logarithmicform:

Iny Ina binx (1.4)

Eq. 1.4 cannotbe usedwith negative valuesof x (horizontaldistance) sothatthe curveshave
to befitted to thetwo sidesof thevalley asseparat@perationor the neggative x-valueshave to
be mirroredwith regardto the origin (centralmidpointof the valley floor). The curve hasalso
no turningpointandis constrainedy the zerodatumof the ordinatewhichit is unableto cross
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(Wheeler,1984). Herewe arrive at the key issue,i.e. the datumproblem. Thereis no clear
definitionwhetherthe valley floor or sealevel shouldbe usedasthe datumfor the coordinate
system.In fact, large differencesccurin the b-valuewhenapplyingbothdatums pecausehe
valueof bis afunctionnotonly of thecrossprofile form, but alsoof theorigin of thecoordinate
systemadoptedor the analysis.Furthermorea biasis introducedby the logarithmictransfor
mationusedin deriving the power law equation(Eq. 1.4). Harborand Wheeler(1992) showv
thatobsenationscloseto the centreof thevalley exertthe strongestnfluenceontheregression
coeficients.Finally, anothelbiasis introduceddueto glacialandpost-glaciablepositanasking
thelower partof theerosionabprofile. In orderto circumwenttheseerrors,Wheeler(1984)pro-
posegheuseof acurvethatis itselfimmuneto suchconsiderationThisrequirements fulfilled
by the quadraticequation(in this casea parabola):

y P Qx RX (1.5)

The curve generatedn this way is not constrainedn eitherdirectionandcanbe usedto de-
scribethe completecrosssectionwith one, symmetricalcurve. This curve canextendbelow
zero-datunralthoughits turning point canbe shiftedin boththe x- andy-directionwith respect
to thevalley mid-point. However, theinterpretatiorof thecoeficientsof Eq.1.5is lessstraight-
forwardthanis thecasewith thepowerlaw equation.Here,theshapeof thevalley crossprofile
is forcedto take the parabolicform, which is assumedo be the caseof a glacialvalley. The
correlationcoeficient shouldthengive a measuref the deviation from this ideal profile form,
from which it becomedlifficult to extractrelevantinformationconcerninghevalley shape.In
orderto overcomethesedifficultieswe optedfor a new descriptionof the power law equation,
lessstraightforvardto solve, but moreconsistentn theanalysis.Thereforethe power equation
(1.3)is rewrittenin theform:

Yy Yo ax X" (1.6)

Whenxg = yp = 0, Eq. 1.6 reducedo the power law equation(Eq. 1.3) andwhenb = 2, the
parabolicform (Eg. 1.5) is obtained.Eq. 1.6 is solved by the methodof generaleastsquares
adjustment. To assurethe symmetricalshapearoundthe centralvalley axis andto remove
domainerrorsintroducedby the power equationEq. 1.61is rewritten as:

F vy yo aexpblnx X 0 (1.7)

SinceEq. 1.7 is non-linearit is linearizedby meansof a Taylor expansionwherebyonly the
first derivative termsareretained.Thegenerakolutionthenbecomegseefor instanceMikhalil
andGracie(1981)for moredetail):



I1.1. SUBGLACIAL TOPOGRAPHYIN THE SORRONDANE 45

A BT AQAT 1B 'BT aQAT 1t (1.8)

with A the obsenationmatrix containingthe derivativesof Eq. 1.7 to x andy, B the coeficient
matrix containingthe derivativesto a, Xp andyp, Q the covariancematrix, which, for the sale
of simplicity is taken asthe unity matrix, f° the solutionvector andA the adjustmento the
unknaovn coeficientsa, xg andyp. Introducinga first estimatefor the unknavn coeficients,
Eq. 1.8is solvediteratively until A equals0. It wasfound thata corvergenceof the solution
of the leastsquaresadjustmentependedeaily on a good estimationof the coordinateof
the origin. Moreover, to ensurea morestablesolution,the coeficient b wasnot treatedasan
unknowvn. Theadjustments thereforerepeatedor a wide rangeof b-values(rangingfrom 0.1
to 5, with a stepof 0.01),wherebythe highestcorrelationcoeficient betweerthe obseredand
calculatedprofilescorrespondso thebestb-value. Thatthemethods unambiguouss shovnin
Fig. 1.31,wherethecorrelationcoeficientis givenfor theglacierprofile J1(Jenningsbreergs
afunctionof b. Exceptfor theprofile of Nipebreenwhereb-valuestendto exceed5 andwhere
the methodfailed, all otherestimationsof Sgr Rondanecrossprofiles shoved a comparable
smoothcorrelationcoeficientfunctionastheonegeneratedh Fig. 1.31.

Figure 1.31: Calculationof the bestfit of the powerlaw curveto the valley crossprofile of
Jenningsbeen(J1). Thecorrelation coeficientis calculatedfor b-valuesrangingfrom0.1 to
4.0with a stepof 0.01.
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1.5 Mor phometric analysisof the Sar Rondanecrossprofiles

Table 1.2 displaysfor all the SgrRondanecrossprofilesthe valley width, the centralvalley
depth,theform ratio, the coeficient R andthe correlationcoeficient for the parabolicequation
(Eq.1.5),the coeficient b andthe correlationcoeficient for the power law equation(Eq. 1.6),
andthe shapefactor f. All the SgrRondanecrossprofilesusedin this analysisareat present
filled with ice. In awaythisis unique sincemostof themorphometristudiegodayareapplied
on degglaciatedvalleys, of which the cross-profilesare disturbedby post-glacialdepositsand
valley wall weatheringunderice free conditions.Threecrossprofiles(BM1, J4andMC) were
omittedin theanalysispecausef theirlow correlationcoeficientwhenretrieving the b-value
andtheirirregularshapeof thevalley walls.

Table 1.2: Morphometricparametes of valley crossprofilesin SgrRondane:2W = glacier
width, D = glacier cental depth,FR = formratio, R = quadmatic coeficient of the parabolic
equationy R = correlationcoeficientof theparabolicequationb = b-valueof thepowerlaw
equationy b = correlationcoeficientof the powerlaw equation,f = shapefactor.

Glacier 2w D FR RA0% rR b rb f
J2 1793 503 0.28 6.55 0.90 1.53 0.91 0.29
J4 4549 646 0.14 093 0.79 044 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 0.17 116 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 551 019 233 0.75 0.95 0.82 0.28
ME 4199 1566 0.37 299 0.85 0.81 0.93 0.22
MW 6259 1171 0.19 1.24 0.97 158 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 ratios of the valleys in the centralSgr Rondanehave a limited range
shawving rather constantvalues,sincethereis a tendeng that deepervalleys becomewider
(Fig. 1.32), asexplainedin Pattyn et al. (1992). However, small form ratios are found at
profilesGN andGC. Thesebroadervalley profiles(morethan10 km in width) aredueto the
confluenceor junctionwith adjacenglaciersor tributaries(MefjellbreenandNipebreen).

Figurel.32: Scattegramof valley width versusdepthfor SgrRondanevalley crossprofiles.

It is obsened that the trough headof the valley of JenningsbreefiTable 1.2, profileslisted
from southto north)is marked by a high valueof b (1.53-2.38)pointingto a U-shapedalley,
while low values(0.49-1.47)resultingin a V-shapedprofile, characterisghe main stream
of the glacier The samepictureis found at Gjelbreen,with b-valuesof 4.02 at the trough
headJow valuesin the centralpart(1.22),but thenagainincreasingafterthe confluenceof the
adjacentributariesMefjellbreenand Nipebreen(1.81-3.20).A possibleexplanationfor this
phenomenors thathigh erosiorratesatthe bottomof theicefall, dueto anincreasen velocity
andbasalshearstressandat the confluenceareain the north, dueto anincreaseof ice mass,
accounfor amoreprofoundvalley developmentowardsaU-shapedgrofile. However, asstated
by Augustinug1992)alithologic influenceontheerosionaprocesss notexcluded:geological
obsenationsin the centralSgrRondangIshizukaand Kojima, 1987) shav somedifferences
in lithology andgeologicstructureof metamorphiaocksof the northernandsoutherrpart of
the range. Along the boundary they definedthe Main ShearZone (MSZ), runningthrough
the centralpart of Jenningsbreeand Gjelbreen,over the col at the northwesttip of Mefjell,
continuingto the eastthroughthe centralpart of Mefjellbreen. Oddly, the four crossprofiles
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thatcoincidewith the MSZ, whichis only 1 km wide (JC,GL, MC andME) arecharacterised
by verylow b-valuesandhenceshapéactors which couldpointto a high erosionresistancef
theMSZ. Suchaninferencerequireshowever moreextensve field work.

Table1.3: Correlation matrix for the morphometriovalley shapemeasues: n.s. = not signif-
icant at 90 per centlevel, p = level of significance 2W = glacier width, D = glacier central
depth,FR = formratio, R = quaduatic coeficientof the parabolicequationy R = correlation
coeficientof the parabolicequation b = b-valueof the powerlaw equation,f = shapefactor.

2W D FR R rR b f
2W 1.00
D 0.77 1.00
p 0.001
FR -0.53 0.06 1.00
p 0.05 n.s.
R -0.80 -0.65 0.57 1.00
p 00003 p 001 p 0.05
r R -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 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 0.0005 ns. p 005 p 0.0001

In orderto evaluatetheinter-relationshipdetweerthemorphometriggarametersuchaswidth,
depth formratio,shapdactorandtheregressiorcoeficientsR andb, acorrelationanalysisvas
performedTablel.3). Thehighestcorrelation(0.89)is foundbetweerthe shapeactorandthe
b-values,indicatinga positve trend(Fig. 1.33). Also a high correlationis found betweenthe
R-coeficient of the parabolicequationandthe valley width. This is ratherobvious, sincethe
parabolicequation(andR in particular)can be written asa function of valley width (Pattyn
etal., 1992). A ngyative trendis obsened betweenthe b-valuesandthe form ratio, though
not so significantasthe correlationbetweerthe b-valuesandshapefactor Hiranoand Aniya
(1988)foundthatsucha“b FR’ diagramdepictsthe developmentaprocesf glaciatedval-
ley morphology i.e. the successiorirom V-valley to U-valley. From valley crossprofilesin
the CanadiarRockies, Patagoniaand Antarcticathey suggestwo typesof cross-profiledevel-
opmentof the glacialvalley. Onetype of the development{Rocky MountainModel, RMM) is
from a shallowv, wide V-shapedralley to a deepU-shapedralley, andanothertype (Patagonia-
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Figure 1.33: Scattegram of shapefactor versusb-value of the powerlaw equationfor Sar
Rondanevalley crossprofiles.

AntarcticaModel, PAM) is from arathersteepandnarrov V-shapedo awide, broadU-shaped
valley. TheRocky Mountainmodeldepictsadeepeninglevelopmenbf theglacialvalley, while
the Patagonia-Antarcticanodelportraysa widening,ratherthandeepeningprocesf glacial
developmentand hencesuggestinga differentmechanisnof glacier erosionfrom the alpine
type. Whetherthis“b FR’ diagramrepresentsheform developmentof glacial crossprofiles
is asubjectof muchdebate Accordingto Harbor(1990)suchananalysigs hinderedoy thefact
thatonecannotobsene the evolution of a singlecrossprofile (from V to U) overtime, sothat
thespatialvariationsin form arelinkedto somesurrogataneasurevertime or extentof glacial
erosion.Neverthelessmorphometricdatafrom the SoutherrAlps in New Zealand Augustinus,
1992)confirmthe“alpine type” Rocky Mountainmodelof HiranoandAniya (1988).Also, the
morphometriadataof the glacierprofilesin SgrRondaneconfirmmoreor lessthe Patagonia-
Antarcticamodel(Fig. 1.34). Thus,bearingin mind Harbors critic, the“b FR’ diagramfor
the SgrRondangylacierprofilescanbeinterpretedasfollows: (i) V-shapedralleys tendto be
smallerin width thanU-shapedralleys, and(ii) consideringhe overdeepenetiedrockprofile
of theoutletglaciersthevalley width of thepronouncedJ-shaped/alleys is remarkablyhigh.
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Figure1.34: Comparisornof the“FR b"-diagram of SgrRondanevalley crossprofileswith
the Roky Mountainmodel(RMM) and the Patagonia-Antactica model(PAM) of Hiranoand
Aniya(1988).

1.6 Conclusions

Basedon gravimetric surweys and radio echosoundingmeasurementsarriedout in the Sar
RondaneMountains,a map of the subglacialrelief is compiled,emphasisingn overdeepen-
ing of the centraloutletglaciers,with bedrockelevationwell below sealevel. The dataof the
crossprofile measurementwasfurtherusedfor a morphometricanalysis therebycalculating
the form ratio, shapefactorandthe spectralcoeficientsof the power law andparabolicequa-
tion. The useof a robust power law, with respecto the datum,allowed for a moreaccurate
determinationof the power law coeficient b, which describeghe valley crossprofile form.
Neverthelessmorphologicadataaloneareinsuficientto assess morphologicaldevelopment
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over time. Harbor(1990)arguesthatin orderto understandhe evolution of glacial crosspro-
files, theattentionshouldalsofocuson (i) theflow patternthroughtheglaciercrosssection (ii)
the glacial erosionprocess(iii) the patternof bedrockresistancéo erosion,(iv) the evolution
in valley slopesabove the glacier and(v) the temporalvariationin ice occupation.Sincethe
majoroutletglaciersin the centralSgrRondaneij.e. JenningsbreeandGjelbreenarecharac-
terisedby a complex morphologicalevolution from the troughheadto the mountainexit area,
the control of ice dynamicsandbedrockweatheringesistanceannotbe neglected,asshavn
by themorphometriccharacteristicef thevalleys afterconfluencewvith adjacentributariesand
by the valley morphologycoincidingwith the Main ShearZone (MSZ). However, a detailed
analysisof theice-bedrockrelationship(glacial erosion)andextensve field work is necessary
to arrive at more solid conclusions.Following the analysisof Hirano and Aniya (1988),the
relationshipbetweenb-valuesandthe form ratio is in overall agreemenwith their proposed
Patagonia-Antarcticanodel.
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Paper 2

Satellite monitoring of ice and snow
conditionsin the Sgr RondaneMountains,
Antar ctica

Pattyn, F. and Decleir, H. 1993. Satellitemonitoring of ice and snowconditionsin the Sar
RondanéMountains Antarctica. Annalsof Glaciology 17: 41-48

ABSTRACT. Six multispectraSPOr imagesandoneLandsafThematidviapperimage
of the centralpartof the SgrRondaneéMountains,DronningMaud Land, Antarctica,were
obtainedover a five yearperiod (1986-90)and studiedfor their potentialin mappingthe
glacierizedsurface.FromthethermallR reflectancesf LandsaffM amapof ice andsnov
temperaturewasobtainedfeflectinglarge-scalgopography The “middle” IR and“near”
IR banddin descendingrderof importanceenhancenarkedly thevariationsonthesnav
surfaceitself. Thiscanbemostclearlyseenn theaccumulatiorareanorthandsouthof the
rangewherethe snav coveris alundant.

From multispectralSPQO imagerya glacio-morphologial map was created. Some
aspectof this map are discussedvith respectto the significanceof the ablationin this
isolatedmountainareawherethe mainice streams divertedaroundtherange.Finally, an
analysisof multitemporalimagededto the developmeniof a classificatiortool to quantify
the extent of ablationandaccumulatiorareas.Also, by this methoddrift snav could be
distinguishedrom the permanengsnav cover.

53
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2.1 Intr oduction

Despiteall efforts, Antarcticastill remainsa remoteplaceof which little is knowvn. Most of
the scientificmeasurementarerestrictedto isolatedspots,generallycloseto the coast. Nev-
erthelessthereis a needfor a generalisatiorof this knowledgeto other placeson this huge
continentj.e. for theconstructiommndupdatingof global Antarcticdatabaseselatedto topog-
raphy temperatureand massbalance. The extrapolationand quantificationover muchlarger
areass now becomingpossibleby theexploitationof datafrom remotesensingplatforms,such
asearthresourcesatellites.

This studypresentsheresultsof adetailedanalysisof LandsafThematidMapperandmultidate
/ multispectralSPO" imageryfor their usein glaciologicalandglacio-cartographistudiesin
the SgrRondaneMountains,a typical coastalmountainrangein Dronning Maud Land, East
Antarctica. The field evidencewas collectedthroughparticipationin the Japaneséntarctic
ResearchexpeditionsIARE-28(1986-87) JARE-31(1989-90)andJARE-32(1990-91).

2.2 Regiondescription and remotesensingdata acquisition

The SgrRondaneMountains(20-30 E, 71-73 S) area 220km long, east-weslying mountain
range,situatedat a distanceof 200 km from the coast. Up to now, the centralpart hasbeen
extensvely studied. A detailedglacio-geomorphologicalescriptionof the rangeis givenin
Van Autenboer(1964). Recentglaciologicalevidenceon the glacierizationprocessandbasal
topographyof the mountainrangecanbefoundin Pattynetal. (1992).

Six multispectralSPA imagesandone LandsatThematicMapper(TM) imageof the central
partof the SgrRondanewnereobtainedover a five yearperiod(1986-90). Fig. 2.1 shawvs the

geographicatlistribution of thoseimages.The TM image(ID 5100706072);ecordecn 3 De-

cemberl986,incorporatesesenspectrabandswhichwill befurtherreferredo asTM1..TM7.

SPA multispectraimageryincludeonly threespectrabands(referredto asXS1..XS3).The

six SPA’ imagesare153-688and153-690,recordedbn 08 February1987,152-689 recorded
on 15Februaryl987,149-689 recordedn 20 Februaryl990,and151-688and151-690 both

recordedon 21 Februaryl990. The wavelengthregionsof the differentspectrabandsfor both

platformsaregivenin Fig. 2.2.
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Figure 2.1: Index map showinglocation of LandsatTM and SPO images discussedn this
paper

2.3 Spectral information content of Landsat TM and SPOT
imagery

Choudhuryand Chang(1981)investigatedsolarreflectanceof snaw for differentgrain sizes.
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Figure2.2: Wavelengthregionsand bandwidth of LandsatTM (exceptthermal IR band)and
SPQA scannersystems.

They foundthat generallythe snov albedo(reflectanceylecreasewith increasinggrain size.
This explainswhy snov canbe differentiatedfrom bareice andeven freshsnowv from older
compactedsnav. The variationin reflectancewith grain sizeis however smallin the visible
wavelengths(TM1, TM2, TM3, XS1, XS2) but increasesonsiderablyabore about0.7 pm.
Theinfraredreflectve bands(TM4, TM5, TM7, XS3) are,therefore very appropriatdor dis-
tinguishingdifferentsnov andice structures.Also, the reflectancedecreasedrasticallywith
increasingwavelength,becomingalmostzeroin TM5 and TM7. At thosewavelengthsthe
imagesshow thatsnow is evenmoreabsorptve thanrock.

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

discriminateice from snowv, whereasTM1 and (partly) TM3 are saturatedbn snav andice.

Neverthelessshadevs thatbecomdarge dueto thelow sunangleandsteeprelief of therock

outcropsarehighly transparenin TM1, sothatthe boundarybetweerrock andglacierin shad-
owedareasanbe determinedTM4 andXS3 ("near"infrared)provide muchgreatennforma-
tion for snawv andice, bothbecausd M4 lackssaturatior{dueto thelowerreflectanc®f snaw),

andbecausé shavsgoodcontrasin snav andice. Especialljlargescalesnov andice features
suchascrevassingflowlines,lateralandlongitudinalundulationsareenhancedby photometric
shadingcausedy the low sunangleprevalentover Antarctica(OrheimandLucchitta,1987).
In TM5 andTM?7, surfacefeaturesgarlierdescribedasblueice zonesor vastsnav areasshav

differentpatternsin their reflectancesignature primarily dueto variationsin grain size or to

othersurfacepropertiesof snav andice.



I1.2. SATELLITE MONITORING OF ICE AND SNOWV 57

FrommultitemporalSPAO" imagest wasfoundthatthereflectancesf certainsnov areadif-
feredgreatlyin time, sometimedeadingto anexcessve saturatiorof the satellitedetectorses-
pecially at shorterwavelengths.This is probablydueto a changen illumination angles(when
imagesarerecordedsereralweeksapart)andthe differentatmosphericonditions hampering
theanalysisof multitemporaldata.

2.4 Surfacetemperaturesin the central SgrRondane

LandsaffM band6 (TM6) providesradiometricsurfacetemperatureand,in particularit shovs
a strongsignalfor “warm” partswithin the region of snav andice (Orheim and Lucchitta,
1988).Theradiationatterrestriatemperatures the strongesbetweer® pm and14 ym, with a
maximumaroundll pm attemperatures therange-25 C to 0 C. This maximumis covered
by TM6 (10.40-12.5Qm) andlies alsoin the atmospheriavindow with reducedatmospheric
absorptionsothatthis bandeffectively recordsrelative groundtemperatures.

The scene-dependentluesof the minimum (Lnin) and maximum(Lmay) Spectralradiances
from the two calibrationsourcesonboardthe satellite (Landsat-5)are read from the Header
File, suppliedwith theimageonthe ComputetCompatibleTapesandarerelatedto thespectral
radianceof the sceneasfollows:

DN
L)\ I—max I—ming5 I—min (2-1)

with L, thespectraradiancdmW cm 2 sr 1 pm 1], DN thedigital numberrangingfrom 0 to
255andLmin andLmay 0.12378and1.55996mW cm 2 sr 1 um 1, respectiely. Singh(1988)
proposesan accuratealgorithmfor corverting TM6 digital numbersinto brightnessempera-
tures.Therelationbetweerthe spectraradiancd., andtemperaturd is thengivenas:

b
T — 2.2
InL, a (2:2)
with T the brightnesstemperaturgK). Valuesfor a and b are determinedfor temperature
rangesof 40 K only, which enhanceshe accurag. For a spectralradiancebetween).19968
and0.48350(220 T  260), valuesof a andb are4.1368and-1264.63,respectrely. At
higherspectralradiancegbetweern0.48350and0.92949) valuesof a andb equal4.1754and

-1274.674espectrely (Singh,1988).

The algorithmis then appliedto the centralpart of the Sgr Rondaneyresultingin a map of
surfacebrightnesgemperature¢Fig. 2.3). The situationof this mapwithin the SgrRondane
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is givenin Fig. 2.4. Brightnesstemperaturesangefrom -32 C on the highestpartsof the
plateau2600m.a.s.l.)upto +8 C onrocksandnunataksgdecreasingvith increasingelevation
anddependingon boththe reflectvity of the materialandthe incidenceangleof the sun. The
highestemperaturearetherefordoundonthelow reflectanceonessuchasrock outcropsand
bareice zoneswhereonly a smallamountof theincomingradiancerom the sunis reflected
into space. In thesezonesmelting phenomenaccut even if the meantemperatureof the
surroundingss well below zero.Fig. 2.3alsohighlightsthedammingeffectof the SerRondane
Mountainsuponthe mainice streamfrom the polar plateau:it shavs the very high andhence
cold surfacessouthof therangeandtherapidincreasen temperatur@astheglacierscutthrough
therangewhichis associatewvith aloweringof theice surfaceandachangdrom snowv coverto
bareice dueto theoasiseffect(i.e. increasen temperaturesausedy thelow albedo adiabatic
heatingandwind shelterfrom the surroundinghunataks).

To calculatereal surfacetemperaturesne shouldretainonly thermalradiance®f onetexture

unit, definedby a constantalbedo. Sincethe snov coverageis mostatundantin the image,
only brightnesgemperaturesn the snov surfacewereextracted.This wasdoneby anoverlay

operatiorbetweera classifiedT hematicMapperimage,displayingsnov andice cover andthe

TM6 imageof thesameregion. For 68 pixelsonthesnow surface terrainheightswereextracted
from atopographianap,sothatarelationcouldbeestablishedbetweerthe surfacetopography
andbrightnesgemperaturéFig. 2.5).

A simple linear regressionanalysisfor the region between900 and 2600 m shovs a mean
temperaturgradienof-8.5 Ckm 1, with atemperaturef-7.8 C atsedevel. Two field parties
of JARE-28measureair temperatures) the SgrRondaneaegion betweer21 Novemberand6
Decembed 986. Thefirst field stationwassituatedat Asuka(71 32'S, 24 08'E, 965m.a.s.l.),
60 km north of the central Sgr Rondane while the secondstation (SS100)was situatedon
the polar plateau(73 07’S, 39 45’E, 3005m.a.s.l.),520 km southeasof our studyarea. Air
temperaturesvere measuredt leasttwice a day (0600hand 1800hGMT) at 2 m above the
snov surfacewith analcoholthermomete(Nishio etal., 1988).A ratherconstantemperature
trend was obsenred over the period 27 Novemberto 6 December The LandsatTM image
was recordedon 3 Decemberl986 at 0607hGMT. Temperaturesit Asukaand SS100then
amounted8.5and-25.0 C respectrely. Relatingthesetemperaturenearly to elevation,one
obtainsa temperaturegyradientof -8.1 C km 1, which is in accordwith the TM6 brightness
temperaturggradientof -8.5 C km 1. However, the absolutetemperaturesecordedat both
stationdie approximately9 C lowerthanthe brightnesgsemperaturegrobablydueto thefact
that brightnessemperaturegsannotbe confusedwith air temperatures.Strongwinds at the
time of imageacquisition(12.0m s 1 at Asuka)imply an efficient heatexchangebetweerthe
snov surfaceand the air, so that surfacetemperaturesnight lie within the realm of the air
temperature§T. Vinje in OrheimandLucchitta,1988).
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Figure 2.3: Colour-coded brightness tempeatures determinedfrom Landsat TM6 (ID
5100706072)Brightnesgempeaturesrange from-32 C (bottomright) to +8 C onrodk out-
crops.SeeFig. 2.4 for situation.

Surfacetemperatureshouldnot differ very muchfrom brightnesgsemperaturesor following
reasons(i) brightnessemperaturedependntheemissvity of thesurface but snav emissvity
deviateslittle from unity (longwave emissvity of snaw is typically 0.99and0.97 for bareice
surfaces),and (i) TM6 is not sensitve to changesn the propertiesof the snov surface,as
is the casewith the “middle” infrared bandsTM5 and TM7. Orheimand Lucchitta (1988)
alsofounda similar discrepang betweemmeasuredemperatureandbrightnessemperatures.
Theirdifferencan temperatureffsetvariedbetweer8 and20 C. In practice theinterpretation
of thermaldataandimagesof arealtemperaturelistributionoversnaow is farfrom simple,asthe
measuredadiancadepend®ntheemissvity of thesurface(whichis alsoafunctionof viewing
angle),the wavelengthregion, andalsoon atmospheri@ffects. Massom(1991)mentionsthat
the contribution of atmospherieffectsmightbegreatin polarregions.

A recentparameterizatioof the annualsurfacetemperatur@ver Antarctica(FortuinandOer

lemans,1990)alsoagreeswith the TM6 results.For the Antarcticcontinent,a meanlapserate
of -9.14 C( 0.343) wasobtained.A separateemperaturgradientwascalculatedoy these
authordor theinlandice slope(200-1500m.a.s.l.)andtheinterior (above 1500m.a.s.l.).Lapse
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Figure 2.4: Situation sketch for the displayedLandsatTM (Fig. 2.3) and SPAO images
(Figs.2.8,2.9and2.10)

ratesof -5.1and-14.3 C km 1, respectrely, werefound. In our area,a linearregressioranal-
ysisonthe TM6 datarevealstemperaturgradientsof -6.4 and-10.3 C km 1 for the elevation
zone900-1500m and1500-2600n, respectiely.

We canconcludethatthe TM6 thermalinfraredbandeffectively recordsrelative groundtem-
peraturesNeverthelessa large offset(9 C) existsbetweerthe measuredurfacetemperatures
andthe TM6 brightnesgemperaturegprobablyattributedto atmosphericonditionsandillu-
minationangle.In the SgrRondanedifferenttemperaturgradientsareobseredfor theinland
iceslope( 1500m.a.s.l.)andthepolarplateaurespectiely, in accordwith parameterizations
of the surfacetemperatur@ver Antarctica.
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Figure2.5: Regygressionanalysisappliedon LandsatTM6 data. Brightnessempeatureswere
chosenon snowand plottedasa functionof surfaceelevation(n = 68).

2.5 SPOT imagery and glacier mapping

Onemainadwantageof the EuropearSPO satellitecomparedo the Landsat-5ThematicMap-
peris thelargerpixel resolution(20 m in multispectramodeand10 m in panchromatienode).
However, SPA lacksthe infraredreflectve andinfrared emissve (thermal)bandsso that it

is not possibleto extract detailedinformationconcerningthe physicalpropertiesof the snov

surface, nor surfacetemperatures.Despitethis shortcoming, SPOI multispectralimagesof

Antarcticareveal muchinformationon the glacierizedsuriaceand bareice areassituatedat
the lee side of nunatakdn the centralpart of the SgrRondane.The reflectance®n the bare
ice surfacerevealdetailsnot visible on aerialphotographsorin multispectrakompositionf

LandsatTM images.On the basisof a visual interpretationof a colour compositecombining
SPA multispectralchannelsXS1, XS2 and XS3, a glaciologicalmap of the centralpart of

the SgrRondanewas created(Fig. 2.6), displayingthe surfacecharacteristicef the glaciers
JenningsbreeandGijelbreen.

Two differenttypesof surfacefeaturescouldbeidentifiedin the SPOr image,i.e. topographic
andspectral.Topographideaturesarearesultof strainratesin the glacier(obstructiorof flow,
sidedragfrom the glacierwalls) or aneffect of thewind. Both actionsresultin heightchanges
on the surface. Suchtopographideaturesarefound on Gjelbreenthe only real active glacier
in this part of the range(Van Autenboerand Decleir, 1978; Pattyn et al., 1992). Extensve
flowlinesandice rumpleson this glacieraredueto strainrateswhich aremainly causedy the
confluenceof two ice streams.At the entranceof Jenningsbreeand Gjelbreenin the moun-
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Figure2.6: Glacio-morpholgical map of the glaciers of the cential part of the SgrRondane
Mountains basedon aninterpretationof multispectal SPO images.

tain range,two distinctive ice falls reflectthe abruptchangein basaltopography Also, heary
crevassingn the southandlarge crevassegurtherdownstreanunderscorgheglacialactvity.

Spectralfeatureson the otherhandare not reflectedat the surfaceby a relief disturbancebut
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arecharacterisetby differencesn spectralresponseneasuredy the satellite. Most of these
patternsare found on the bareice areasof the “local” glacierssuchasJenningsbreergndat
the lee side of nunataksandrock partsof the mountainrange. With local glacierswe mean
outletglacierswith considerabléce thickness put which have been(or are)in the processof
beingcutoff from the mainice supply(Pattynetal., 1992). Thisis dueto aloweringof theice
sheesurfacebehindthemountains Ablationdominate®ntheseglaciersandthey have become
nearlystagnantvith extensve supraglaciamorainesattheirmamgins. Theconspicuousextural
lines on Jenningsbreersuggestinglowlines, canthereforebe interpretedas paleo-flavlines.
Also, apeculiarkind of bandingin theice is detectedespeciallyat the extensve bareice field
northof Brattnipane.Thisice field is characterisetly a steepslope,sothatthesebandsmight
be interpretedasan outcroppingof differentsub-horizontalce layers. During JARE-31 only
a few of thesebandswere obseredin the field. The appearancef thesezonesis darker as
they containfewer air bubblesthantheblueice. Thefew ice bubblesarenonethelesbiggerin
size.Lliboutry (1964)describeslifferentsortsof ice dependingn theiramountin air bubbles:
white ice containsmary air bubblesandis in most casesformed by firnification at the ice
surface.Blueice containgewer air bubbles while superimposette is formedby refreezingat
the surfaceandis pooron air bubbles. Thus,the morebubblescapturedn theice, the higher
thealbedo.Theoccurrencendformationof “darkerlines” in the bareice zonesprobablypoint
to foliation or stratificationof ice implying a layeredstructureof sedimentaryce producedoy
the superimpositiorof youngerayersover olderlayersof ice (Lliboutry, 1964;Kotlyakov and
Smolyaraa, 1990).

2.6 Changedetectionwith multitemporal SPOT imagery

OrheimandLucchitta(1990)have alreadyreferredto theimportanceof changedetectionn the

extentof bareice areasn view of climatechange.Bareice areasareablationareasandthus
have a negatve massbalance.They indicatean emegenceof old ice at the surfacewhich is

causedy severalprocessesBareice areasoccuron placeswheretheaccumulations reduced
dueto wind scouringandreducedsnaw drift attheleesidesof nunatakgwind shelteredzones).
Oncethey are establishedhey survive by increasedablation,dueto the low surfacealbedo,
long-wave radiationof the nearbyrocks, high temperaturesausedoy adiabaticheating,and
wind erosion. Nearthe nunatakshemseles, surface melting occursduring the day, so that
repeatednelting andrefreezinggivesrise to the formationof smoothsurfaces.During JARE-

32, somelakes were obsened on the ice surface of Jenningsbreerreachingdepthsof 5-10

cm.

To determingherateof changen the extentof bareice areasa selectve principlecomponent
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analysiswasappliedon the 1987(153-690)and1990(151-688)SPO imagesasproposedyy

OrheimandLucchitta(1990),afterperforminga precisematchingof theseimagesn the same
referencdrame. Theresultsshaveda spectaculadecreasén bareice extentin the centralSgr
Rondandrom 53 % of thetotal glacierizedsurfacein 1987to 19 % in 1990. However, afield

party of JARE-31(1989-90)obsered a severesnav stormin the beginning of January1990,
lastingoneweek,which coveredthe whole glaciersurfaceof Jenningsbreem snowv for more
thanamonth.In 1991theice extentwasbackto normal. Thischangen extentobviously points
to aweathemphenomenomnatherthanto climatechange.

To detectchangest the bareice surfacerelatedto climatechangea supervisedlassification
techniquevasusedto distinguishpermanensnown cover from ice surfacesburiedunderneatia

layerof snaw drift. In addition,sucha classificatioris the only techniqueby which theimage
informationcanbe quantified:by assigningeachpixel to a particularclassit becomegpossible
to calculatethe arealextentof thesnav andice cover. Threeclasse®ntheglacierizedsurface
wereretainedj.e. snow, bareice andice coveredwith alayerof snov-drift (referredto asice

/ snaw). For eachof theseclassesseveraltraining areaggroupsof pixels of which textureis

known from field evidence)were chosen dispersecver theimage. A preliminary study of

classificationtechniquesevealedthatthe decision-treeclassifier(Mather,1989)wasthe most
suited,both becausef a goodoverall classificationaccurag aswell asthe simplicity of the

method. A decisiontree (Fig. 2.7) was createdafter carefulinspectionof the training class
statisticalparameterssuchasmeanclassgrey valueandstandardieviation. With this method
eachpixel in theimageis uniquelyassignedo a particularclass.Thediscriminationvaluesfor

the1987and1990imagesaregivenin Table2.1 (seealsoFig. 2.7).

Table2.1: Discriminationgrey values(Digital Number)of the decisiontree classifierfor the
1987and1990SPO images.

Valuel Value2 Value3
1987 140 72 178
1990 140 62 179

Figs. 2.8 and 2.9 are the classifiedimagesof 1987 and 1990, respectiely, displayingrock
andmorainicdebris(white), bareglacierice (black),ice / snov (grey) andsnaw (light grey).

Table2.2 givesthe surfaceextentof all classe®f thetwo images.A considerablelecreasén

bareice canbe obsered, but taking into accountthe ice / snav class,the total ablationarea
decreasedvith only 2-3 % of the total area. A simple arithmeticoperationon Figs. 2.8 and
2.9thenvisualiseghe changest the glaciersurface(Fig. 2.10). The blue colourrepresents
changdromice (darkblue)orice/ snaw (light blue)into snaw, reda changdrom snaw to ice
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Table2.2: Areal extent(% of total surface)of the differenttexture classegor the 1987and 1990
SPO images(Figs. 2.8and2.9).

1987 1990
Rock,morainecover, shadev 34.66 34.11
Ice 19.77 9.30
Ice/ snowv 16.10 24.00
Snowv 29.46 32.60
Total ablationarea 35.87 33.30

Figure 2.7: Decisiontree of the classificationprocesswith SPO imagery. Discrimination
valuesarereportedin Table2.1.

/ snaw (light red) or ice (red), while yellow pointsto changedrom ice to ice / snov andvice
versa.ln termsof ablation/ accumulatiorblue might be interpretedasa changefrom ablation
into accumulationred asa changefrom accumulatiorinto ablation,while the mostatundant
colour(yellow) impliesnorealchangeatall. Althoughwe notedonly aminimalchangen total
ablationsurfaceextent(Table2.2), Fig. 2.10shaws a significantdisplacemenin accumulation
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andablationareaswe obsereanincreasen ablationonthecentralpartof theglacierg(red)and
anincreasdan accumulationin the wind protectedzones(blue). This mightindicatea reduced
oasiseffectin thewind shelteredareasandanincreasedvind effectelsevhere.

Figure2.8: Classificationof SPO scenel53-690(8 February1987)accoding to the decision
tree classifierof Fig. 2.7. Rok outcrops and morainic debris are displayedin white, bare
glaciericein blac, ice coveredwith a layer of snowdrift (snow/ ice) in grey andsnowin light
grey. SeeFig. 2.4 for situation.

2.7 Conclusions

Theuseof satelliteimagesin polarregionsfacilitatesthe interpretatiorof grounddataandex-
trapolationof fragmentaryield knowledgeto muchlargercoherentireas Appliedto thecentral
partof the SgrRondanel.andsafTM imageryareshawvn to be very usefulin the detectionof



I1.2. SATELLITE MONITORING OF ICE AND SNOWV 67

Figure2.9: Classificatiorof SPOI scenel 51-688(21 February1990)accodingto thedecision
treeclassifierof Fig. 2.7. Rok outcropsandmorainic debrisare displayedn white bareglacier
ice in bladk, ice covered with a layer of snowdrift (snow/ ice) in grey and snowin light grey.
SeeFig. 2.4 for situation.

differencesn propertieof theabundantsnov coverandthe extractionof snav surfacetemper
atures.Topographianappingof glaciersurfaceswith SPO resultedn a glacio-morphological
mapof theglaciersof thecentralSgrRondanealisplayingmorphologicafeatureontheglacier
surface.Finally, in view of thepossibilityof climatic changea classificatiortechniqueallowed
the determinatiorof the extent of accumulatiorandablationzonesof the glacierizedsurface.
A combinatiorof multitemporaklassifiedmagegesultedn mapdisplayingtemporalchanges
in bareice extent.
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Figure 2.10: Overlay opefation on Figs. 2.8 and 2.9, displayingvariationsin ice and snow
conditionsin the cential SgrRondaneover a periodof threeyears. Theblue colour represents
a change fromice (dark blue) or ice / snow(light blue) into snow red a change from snowto
ice/ snow(light red)or ice (red),yellowpointsto changesfromice to ice/ snowandviceversa,
andwhitemeanso change.
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Paper 3

Modelling glacier fluctuations in the Sar
Rondane,Dronning Maud Land,
Antar ctica

Pattyn,F., Huybredts, P. and Decleir, H. 1989. Modellingglacier fluctuationsin the SgrRon-
dane DronningMaud Land, Antarctica. Zeitsarift fir Gletsdherkundeund Glazialgeolagie
25(1): 33-47.

ABSTRACT. Morainic deposit§ound above the presenglaciersurfacein the central
SgrRondaneMountainsgive evidenceof former glaciations. In this papey an attemptis
madeto interprettheseobseredglacierfluctuationsn termsof environmentalchange To
dothis,anumericalflowline model,takinginto accounthermodynamicanda coupledice
shelf,hasbeendevelopedandis appliedto two outletglaciersthroughthe mountainrange,
GunnestadbreeandJenningsbreent is foundthatlower ice temperaturesa reducedac-
cumulation,andadropin sealevel correspondingo typical glacial conditionsaccountor
a 150-200m risein glacierlevel. From a comparisorof theseresultswith palaeogeo-
graphicalreconstructiorfor a “maximum?” glacial stagefor Jenningsbreeby Hirakava
etal. (1988)it is arguedthattheir morainicdepositgelateto anearlierCenozoialaciation
involving afull grown ice sheet.

3.1 Intr oduction

The SgrRondanes a 300km long wedgeshapednountainrange 200km southof the Princess
RagnhildCoast,DronningMaud Land (20—30E, 71-73S), andbelongsto a seriesof moun-

71
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tainssurroundinghe EastAntarctic continent(Fig. 3.1). It is oneof the few areasaroundthe
Antarcticperimetemwherenunatak@ndmorainicdepositdearwitnessof formerglacierstands.
In the centralpart of the SarRondaneahereis evidencethatthe ice oncereached level of at
least300—350m above thepresenice sheef(Van Autenboey1964;Hirakavaetal., 1988).1t is
theaim of thepresentvork to attemptaninterpretatiorof thesegeomorphologicabbsenations
in termsof ervironmentalchangeby meansof numericalice sheetmodelling. Several outlet
glacierscutthroughthe mountainrange andrevealanice coveredfjord landscapeChangesn
thesurfacelevel of theseglaciersoriginatefrom a comple interactionwith environmentalcon-
ditionsin a numberof ways. A dropin therelative sealevel stand for instancecouldincrease
the amountof groundedce seavard of the mountainrange,leadingto a local thickening. A
similarincreasen lengthof theflowline couldalsoresultfrom a shift of the presenice divide
furtherlandinward, sothatice from a larger catchmentareahasto be dischaged. Changesn
deformationcharacteristic®f the ice dueto temperaturdluctuationsin the basalshearayers
may be anothenmportantfactorto be consideredascolderice deformsmuchlesseasilyand
consequentlybuilds up. Onthe otherhand,reducedaccumulatiorratesduring colderperiods,
whenlessprecipitablemoistures adwectednland,mayhaveresultedn lowerglacierstandsin
view of thisqualitatve descriptiorandin anattempto disentangléherelativerole of themary,
in partcounteractingrocessesye developedanumericaice sheemodelfor theglaciersystem
in the SgrRondaneThis modelbasicallysimulateghe glaciergeometryin responséo chang-
ing ervironmentalconditions. Sensitvity experimentson the glacial-integlacial contrastmay
thenprovide physically-base@dmgumentsin orderto betterunderstandheseobsened glacier
fluctuations.In this paper anovervien will be presenteaf thesesensitvity experiments.in
particular theresponsef two outletglaciersof the SarRondanepamelyGunnestadbreesnd
Jenningsbreeto “glacial” shiftsin massbalance temperaturesealevel standandice divide
positionhasbeeninvestigated Theseresultsarethencomparedwvith glacial-geologicatecon-
structionsof formerglacierstandsn the SgrRondangHirakavaetal., 1988).

3.2 Model formulation

The numericalgridpointmodelusedin this study computesvertically-integratedflow andin-
volvesbasicmodellingtechniquesimilarto theonesdescribedn OerlemansndvanderVeen
(1984).Giventhebasatopographyaccumulatiomate  surfacetemperatur@andsealevel, it cal-
culatesthetime-dependerite thicknesdlistribution alonga flowline. Changestthe seavard
edgearethentaken into accountby couplingthe ice sheetwith anice shelfandtreatingthe
groundingline (wheretheice sheetstartsto float) in a dynamicfashion.A fixed grid in space
is employed, with 120 gridpointsalongthe x-axis (parallelto the geoid)anda grid spacingof
5 km. Thez-axispointspositive upwards(z = 0 at sealevel). The continuityequationdefining
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Figure3.1: Situationmapof the SarRondangshowingthe modelledflowlines(JB = Jennings-
breen,GB = Gunnestadleen).

consenration of ice mass,thenrelatesthe local rate of changeof ice thicknesswith the flow
field, whereice density(p) is keptconstanf917kgm 9] :

oH 0 UH db
5 I UH o 9x M (3.1)

In this equationH is ice thicknesgm], t time[a], U the verticalmeanhorizontalvelocity [m
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a 1], M the massbalancem a 1] definedasthe resultof local accumulatiorand runof (if
present)andb x thewidth of the glacieralongthe flowline. In orderto calculatethe flow,
we assumed situationof planestrainin thex zplane,sothatall strainratecomponentshat
involvey arezero.In thegroundedce sheetwherelongitudinaldeviatoric stresse¢definedas
thefull stresaminusthe hydrostaticcomponentranbe neglected the basicstressequilibrium
canthenbeintegratedalongzto yield anexpressiorfor the basalstressty:

oH

F FH——
Tp Tqg Pg ax

(3.2)

Here, g is the acceleratiorof gravity [9.81 m s 2], 14 the driving stressand h the bedrock
elevation[m a.s.l.]. In themountainrange wheretheice sheetransformdanto avalley glacier

ashapdactorF isintroducedo accounfor theeffectof sidedragonthevalley walls (Paterson,
1981). Assuminga paraboliccrosssection this shapeactoris foundto vary betweer0.6 and
1.0(thedifferencewith 1 givesthepartof thedriving stresopposedy sidedrag). Substituting
Eq.3.2in a“Glen-type” flow law, with exponentn = 3 and performingone moreintegration
alongtheverticalthengivesthe depth-aeragedrelocity U :

3
,OH h

> (3.3)

U %AHrﬁ %A pgF 3H
whereA is thetemperature-dependéidw law parameterSo,thevertically-integratedvelocity
in the groundedice sheetis a local quantity and dependson-linearlyon ice thicknessand
surfaceslope. In this approachno distinctionhasbeenmadebetweerice flow dueto internal
deformationandbasalsliding. However, with respecto the depth-aeragedvelocity thereis
probablynot so muchdifference sincethe bulk of the movementoccursin the lower layers
anyway.

In the freely floating ice shelf approximationon the otherhand,basalshearstressesrevery
smallandthedriving stresss now balancedy gradientdn normalstresdeviators(thatrepre-
sentice shelf“stretching”). Fromtheconditionthatthe netnormalforceontheice shelfshould
equalhydrostaticpressureexertedby the seawater at the ice shelf front, velocitiesare then
integratedalongthe flowline to give (seee.g. OerlemansandvanderVeen,1984):

- 1 p 3
Atd A P9 1 ou H (3.4)
W

b
XX aX

wherepy, is the densityof seawater[1028 kg m 3] and 1, the vertical meanlongitudinal
stresdeviator. Thisformulationrequiregheice velocity to beknown atthegroundingline. At
this location, whereneitherthe ice sheetor the ice shelf approximationholds,andall stress
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componentganbe shavn to beimportant,an expressiorfor the vertically integratedvelocity
U canbederivedfrom theflow law andthe completestressequilibrium. Following ananalysis
by vanderVeen(1985),it reads:

U AH g’ % D? D g 1% 3D% 14 %E’DTg T (3.5)
whereD is the longitudinal stressgradient(D 26% HT,, ) and T, follows from ice-shelf
dynamicsasgivenin Eq. 3.4. In the presenapproachwe optedfor a stresgransitionzoneof
10 km landinward, in which 1, becomegero. This is a valuesuggestedby Herterich(1987)
anddid notappeato becrucialfor themodeloutcome Boundaryconditionsfor the continuity
calculationsare zeroice thicknesggradientsat both the ice sheetandice shelfends. Ice-shelf
calvingis notconsideredsotheice shelfextendsall theway to the modelgrid edge.This has
no influenceon the positionof thegroundingline.

The modelalsoaccountdor thetemperaturelependencef the flow propertiesof ice. Thisis

importantsincea 10 C temperatureshift in the basaldeformationlayersimplies an order of

magnitudechangein strainrates. A morerigourousapproachherewould be to calculatethe
fully coupledemperaturandvelocityfieldsin atwo-dimensionaterticalplane aswasdonein

HuybrechtsandOerlemang1988),but this optionwasrejectedbecausé would puttoo heary

demandson computationalesourcesin particularfor the fine grid presentlyin use. Instead,
thermodynamicsveretakencareof by amorecrudemethod thatneverthelessccountgor the
completephysicsin an essentiallycorrectway. As describedn OerlemansandvanderVeen
(1984),the ice temperaturdasbeenexpandedn powersof h, the heightabove bedrock,and
threetermshave beenretained:

Txzt ©Oyxt hOpxt h% xt (3.6)

The spectralcoeficients ©g, ©1, ©, of this second-ordepolynomial then follow from the
lowerandupper(themeanannuakir-temperaturepoundaryconditions andfrom thevertically
integratedheatequation wherethe two-dimensionalce velocity componentsn the adwective
termsare specifiedby parabolicfunctions. The lower boundaryconditionincorporateshe
effectsof geothermaheatinganddissipatiorandis expressedsatemperaturgradient:

oT Y Uty 1
il _ =B UV D) g

oz, k Kk K d 3.7
with W thegeothermaheatflux [4.210 2Wm 2], Wy Uty thecontritutiondueto dissipation
andk thethermalconductvity of ice[6.6210" Jm 1K 1 a 1]. However, anadditionalremark
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isin orderhere ashighvelocitiesandsurfaceslopesn themaiginalice sheetegionappearedo
leadto excessvely high valuesof the deformationaheatflux andconsequentlyinstabilitiesin
thetemperaturealculation.This complicatiorhasbeenavoidedby settinganupperimit to the
basaltemperaturgradientandspreadingheleft-over dissipatve heatalongthevertical. Since
mostof thevelocity sheaiis foundin thelowerlayersof theice sheetjt is naturalto expresshe
flow parametein functionof basatemperaturethatis doneby meanof anArrheniusequation
(Paterson1981):

Q

AT aexp RT (3.8)
whereT is absoluteice temperaturecorrectedfor the dependencef the melting point on
pressurdT T 8710 H, whereT is expressedn K), Q the activationenegy for creep
(60kJmol tforT  263.15K and139kJmol 1 aboe263.15K), Rtheuniversalgasconstant
(8.314Jmol 1K 1) anda=1.7110 6 Pa 3year 1 for T  263.15anda= 8.2110° Pa 3
year ! above 263.15K. In theice shelf,alineartemperaturgrofile wasput forward. With the
bottomtemperaturequalto the freezingpoint of seawater the correspondindlow parameter
is thencomputedvith themeanshelftemperature.

3.3 Data

Basicinput datafor the modelaresurfaceandbedtopography Two flowlinesperpendiculato
the contourlinesweredravn alongGunnestadbreeand Jenningsbreenwo drainageglaciers
of the centralpartof the SerRondangFig. 3.1). Bedtopographyhasonly beenmeasuredt a
limited numberof locationsin the mountainrange(Van AutenboerandDecleir,1974;De Vos
andDecleir, 1988)andat the groundingline (F. Nishio, personalcommunication).However,
sincesurfaceelevationsarereadfrom a topographicamap, remainingice thicknessesanin
first approximatiorbe estimatedrom plasticice flow theory relatingice thicknesgo thelocal
surfacegradient,with the factor of inverseproportionalitygiven by a specificchoiceof the
yield stresqe.g. Paterson,1981). Theseyield stressesrethenobtainedby inter/extrapolating
valuescalculatedat measuringsitesalongthe whole glacierlength. On the plateausouthof
theice fall, wheresurfacegradientsbecomevery small, the bedrockslopewastaken linearly
downwardsto thecenterof theice sheetassuggestetdy the Drewry maps(Drewry, 1983).The
resultingglaciergeometriesareshown in Fig. 3.2. They both shav a stepwisesurfaceprofile
with steepslopesin the mountainrange. The bedrocktopographysuggestsan overdeepened
fiord landscapea southernthresholdwheretheice sheettransformsnto a valley glacierand
whereicethicknessearerelatively small,endingin asubglaciatroughsystenpartly belov sea
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level north of the mountainrange. This generalpictureagreeswell with radio echosounding
results(F. Nishio, personatommunication).The width distribution alongthe Gunnestadbreen
andJenningsbreefiowline is displayedn Fig. 3.3.

Relationsfor surfacetemperaturendaccumulatiorratewereobtainedas simplefunctionsof
elevation andtemperaturerespectrely. Datawereselectedrom a compilationfor the entire
Antarcticice sheetmadeat SPRI, (suppliedto us by D. Drewry) andincludethe 24 E central
SgrRondandraverse.Theseparameterizationsad:

Tsuriace 2614K 0012H h (3.9)
Tsurla
M 151 8 surface 1
61510 “exp 1685 (3.10)

which arefunctionalrelationsto be expected.For every 10 K loweringof surfacetemperature,
which is a typical glacial-integlacial shift, the accumulatiorrateis thenroughly halved. Al-
thoughthe presenglaciersurfacein themountainrangeis to someextentcharacterizety bare
ice fields, indicating that the accumulatiorregime is locally disturbedby sublimation,wind
scouring(dueto katabaticwinds) and perhapssomesurfacemelting aswell, ablationhasnot
beenconsideredIn thisrespectjt remainshighly uncertainvhethertheseconditionsalsopre-
vailedduringcolderclimatesand/orhigherglacierstands Also, prescribingzeroaccumulation
or evenablationratesof 10 cma ! (Van Autenboer 1964; Nishio et al., 1984)in the moun-
tainrange turnedout hardlyto changethe qualitatve behaiour of themodel(in particularthe
relativeresponse).

3.4 Referencerun

If onewantsto investigatechangesn glaciergeometrythefirst thing to do is defininga refer
encerun. Startingfrom the obsenedice sheetandimposingdifferentervironmentalconditions
is alessmeaningfulway to proceedpecauséhe input dataaremostlikely notin full internal
equilibriumwith the modelphysics. As a consequencat becomesardafterwardsto distin-
guish betweenthe “natural” modelevolution andthe “real” ice sheetresponse.This may be
dueto shortcomingsn thedescriptionof ice mechanic®r insufficientdatacoverageor it may
indicatethat the presentice sheetis just not in steadystate. It is probablya combinationof
all thesefactors. Sinceit is not known how far the presentglaciersare out of steadystate,
the pre-eponentialconstants in Eq. 3.8 have beenchosersuchthatthe modelledglacierge-
ometriescloselyresembledhe presentlyobsened states. The resultingflow law parameters
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Figure 3.2: Glacier geometriesof Gunnestadl@en (upper panel) and Jenningsbeen (lower
panel),with modeloutputfor presentconditions(solid lines).

thenappearedo be a factor7 lower (taken for both glaciers)thanthe onesgivenin Paterson
(1981). This representan ambiguity that cannotbe avoided, but the relatve responsgour
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Figure 3.3: Width of Gunnestadl#enalongthe flowline Thewidth distribution of Jennings-
breenresembleshis oneto a large extent.

primeinterest,n fact)appeareahotto dependcrucially on this choice.

The resultingice sheetsafter the model hasbeenallowed to relax to a stationarystatefor
200000years(theinterglacialreferenceauns)aredisplayedn Fig. 3.2(solid lines).In general,
theagreementith thefield datais quite satishctory andthe modelis certainlycapableof re-
producingthe main characteristicef theseglaciers,suchasthe stepwisesurfaceprofile when
the glacierentershe mountainrange.An independentheckon the modelresultsmaythenbe
providedby thevelocity andtemperaturgrofiles.Fig. 3.4shavsthecalculateddepth-aeraged
horizontalvelocitiesandthe basaltemperaturelistribution in thereferenceun for Gunnestad-
breen.Basaltemperatureareshavn to rise from cold valuesbetween25 C and-10 C below
thePolarPlateauo nearpressureneltingbeyondtheicefall. Thesevaluessuggesbasakliding
to make up for a significantpart of the vertically-integratedice massflux, oncethe mountain
rangeis surpassedin view of a similar geometryfor Jenningsbreerthe correspondindpasal
temperaturg@rofile essentiallyshavs the samepicture.

The surfacevelocitiesin the centralpartof the SgrRondanearelow ascomparedo thelarger
outlet glacierseastandwestof the range(Van Autenboerand Decleir, 1974; Van Autenboer
andDecleir,1978). Obsenred velocitiesfor Gunnestadbreelnase beenmeasuredo be in the
rangeof 10-30m a !, which agreeswell with the modelledvalues. Measuredvelocitieson
Jenningsbreemn the otherhand arefoundto be extremelylow (lessthanl ma 1). In view of
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the similar geometriccharacteristicsf this glacier themodelledvelocities(upto  30ma 1)
are obviously at oddswith the obsened ones. Van Autenboerand Decleir (1978) suggested
thatin view of agenerakeductionin glacierization,Jenningsbreeis presentlycut off from the
mainice supplyandis therebynot actively fed by the plateauice sheet.A smallice capsouth
of Walnumfjellet,still in contactwith the mainice sheetwasthoughtto feedJenningsbreen.
In orderto investigatethis point somavhatfurther, an additionalexperimentwas carriedout,
in which Jenningsbreewasmodelledasa local glacier startingfrom alocalice divide nearto
the presenglacierhead.Modelledsurfacevelocitiesfor a steadystatesituationarenow much
lower (typically of theorderof 3 ma 1) andagreebetterwith theobsenedvalues.Fromthisit
mustbeconcludedhatJenningsbreeis atpresentndeedalocal glacier or alternatvely, hasto
be grosslyout of equilibrium. However, if the glaciersurfaceelevationwould increasgglacial
stage)enningsbreewould notbealocalglaciet but would indeedbecomearealoutletglacier
suchasGunnestadbreen.

3.5 Sensitvity study

Let's turn to the centralquestionnow of what factorsmay be decisve to explain a surface
elevation shift of some300-350m in the central Sgr Rondanemountainarea,as suggested
by glacial-geologicakvidence(Hirakava et al., 1988). As mentionedn the introduction,we
forcedthe respectre referencaunsby shiftsin ervironmentalconditions,thoughtto be rep-
resentatie for “glacial” conditions(e.g. Jouzelet al., 1987). The following scenarics were
tested:(i) a generaloweringof accumulatiorratewith 50%, (i) a decreasén temperaturet
sea-lgel with 11 C, (iii) aloweringof sea-l&el with 150m, (iv) a shift of theice divide 200
km towardstheinterior, andseveralcombinationf theseelementsThe modelthenransome
200000yearsforwardin time, whena clearstationarystatewasestablished.

Resultsof thesesensitvity experimentsfor Jenningsbreeare shovn in Fig. 3.5. As canbe
judgedfromthisfigure,by farthemostdecisve singleervironmentalparameteis atemperature
dropof 11K, thatstiffenstheice andconsequentlyresultsin a buildup (Fig. 3.5,curve 2). This
effectis thenfurtherenhancedby loweringsealevel, thatresultsin a smalladditionalseavard
migrationof the groundingline by some20 km (Fig. 3.5, curve 5). However, colderclimates
in the Antarcticarebelievedto beaccompaniety reducedcaccumulatiorratesmainly because
colderair cancarry lessprecipitablemoisture. As becameclearin the Vostok deepice-core
resultse.g.Loriusetal., 1985),thisdependencts particularlyapparenoverthe EastAntarctic
PlateauAlthoughsucharelationis lessobviousin coastabreasywhereaccumulatiorprocesses
are not quite the sameason the plateau,curves4 and7 (Fig. 3.5) shav the modeloutcome
whenaccumulatiorrateshave beenreducedby 50%. This represents counteractingeffect,
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Figure 3.4: Depth-aveaged horizontal velocity (upper panel) and basaltempeature (lower
panel)in theinterglacial refelencerun for Gunnestadl@en.

althoughof lesseramplitudethanthe temperatureesponseandthe shift in surfaceelevation
now amountgo 150-200m.

A possibleexplanationfor theseower elevationshifts,ascomparedo Hirakava’s valuesmay
bedueto thefactthatthegroundingline doesnot seemto move much,evenin casesealevel is
loweredby 150 m. This may be dueto shortcomingsn the modelor indicatethatthe present
flowline approachis not accurateenoughin view of the ruggedsubglacialbed topography
However, it seemsequallylikely thatthe imposediate-Quaternarglacial-integlacial shift is
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just not of sufficientamplitudeto produceimportantgroundingline migration. To investigate
this point somavhat further, the groundingline was prescribedo take its maximumpossible
position,i.e. atthe edgeof the continentalkshelf. Sucha displacemenby about120km of the

groundedce sheetmay have resultedfor instance from tectonicor isostaticuplift in former

times. Additionally, we imposeda shift of theice divide 200 km furtherinland,thatmay have

followed changesn the flow patternon the EastAntarctic ice sheetduring large glaciations.
Resultof thisadmittedlyratherspeculatie experimentarecomparedvith our“standardglacial

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

ice sheettopographyonly mamginally, and that the effect fadesout when the mountainsare
approachedFig. 3.6, curve 1). On the otherhand,the position of the groundingline hasa

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

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

magnitudeincreasesvith decreasinglistancefrom the groundingline. Fig. 3.7 shows this

extreme glacial situation covering the greaterpart of the Sgr Rondaneand leaving only the

highestpeaksof the mountainrangeasisolatednunataks. So, from this experimentit must
be concludedthata larger elevation shift, morein accordancavith the field data,canonly be

explained,whenanadditionalforwardgrounding-linemigrationis assumed.

Figure3.5: Jenningsbeenflowline: absolutechangesin ice thicknessaccodingto thedifferent
sensitivityexperiments (1) AM, (2) AT, (3) AHg, (4) AT AM, (5) AT AHsl, (6) AM AHg (7)
AT AM AHg, with AM a massbalancelowering of 50%, AT a deceasein tempeature with
11KandAHg a sea-leeldrop of 150m.



11.3. MODELLING GLACIERFLUCTUATIONS IN THE SORRONDANE 83

Figure3.6: Jenningsbeenflowline: shiftin surfaceelevationrelativeto the refelencerun (1):
ice dividedisplaced200kminland (2) groundingline at theedge of the continentalshelf

Figure3.7: TheJenningsbeenflowlinein a “maximal glaciation” modelrun

3.6 Discussion

Onthebasisof alargeamounibf geomorphologicandglacio-geologicaévidence(ice smoothed
surfaces,rochesmoutonnéeserratics,morainecover,...) Hirakava et al. (1988) presenta
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palaeogeographicaéconstructiorof a “maximum” glacial stagein the centralSgrRondane.
In Fig. 3.8 both Hirakawa'’s profiles (presentandglacial) and our modelresultsfor Jennings-
breen(in the “standardglacialrun”, Fig. 3.5, curve 7 andin anearlierCenozoicglacial stage
whereasthe groundingline reacheghe edgeof the continentalshelf, Fig. 3.6, curve 2) are
shavn togetherHirakawa’s profilesshav the conspicuousidvanceof theice fall nearthehead
of Jenningsbreeassociatewvith areducedisein topographyonthelower partascomparedo
therelative importantrise of the surfaceupstreantheice fall. In contrastwith this reconstruc-
tion, our resultsof the earlier Cenozoicglaciationshaov the surfaceelevationrise to be more
importantbelow theice fall thanon the adjoiningplateau.In fact,on a physicalbaseit cannot
be justified that the thickeningbelow the ice fall would be lesspronouncedhana thickening
upstreamHigh surfaceandbedrockgradientsattheice fall imply smallice thicknesschanges
dueto large surfacevelocities,while amigrationof thegroundingine towardsthe northresults
in anice thickeningdownstreamA largegroundingline migration(Fig. 3.6, curve 2) resultsin
importantchangesf 500 m andmoredownstreanthe mountainrangeandtheice fall, while
the ice sheetat the plateauis influencedonly maginally. This meansthat the SgrRondane
dampsice changesat the plateau. Anotherdiscrepang with Hirakava’s resultsconcernghe
adwancemenbof theicefall. Thefactthatour modeldoesnotaccountor alargerdisplacement
maybedueto thelarge surfacegradients.

Figure3.8: A comparisorbetweerHirakawas palaemeagraphicalreconstructiorat maximum
glaciation(dashedine) andour glacial modelrun for Jenningsbeen(solid line)
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3.7 Conclusions

In this study anattemptwasmadeto interpretobsered glacierfluctuationsin the centralSar
Rondanemountainsby numericalmodellingof its glaciersystem.In spiteof someof the ap-
proximationsinvolved,the modelwasshowvn to be ableto accountfor majorcharacteristicef
thepresenglaciergeometry A comparisorwith a palaeogeographicegconstructiorof a max-
imum glacial stagein the SgrRondaneevealedthatdepositsverenot from a late Quaternary
glaciationbut shouldbefrom afull grown ice sheetj.e. anearlierCenozoigglaciation.

As asfinal remark however, it shouldbestressedhatourresultsrelateto steadystateconditions
andinvolve ervironmentalscenarics of aratherschematiaature.This maybeseenasadraw-
back, but sincethe interestwasin an orderof magnitudeestimate.a more detailedapproach
would probablynot be justified here. Also, we have no reasongo believe thatthis approach
determine®ur modeloutcomein the sensehatresultscould becomeentirely different.
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Paper 4

Numerical modelling of a fast-flowing
outlet glacier: experimentswith different
basalconditions

Pattyn,F. 1996.Numericalmodellingof a fast-flowingoutletglacier: experimentsvith different
basalconditions.Annalsof Glaciology 23: 237-246

ABSTRACT. Recentobserationsin ShiraseDrainageBasin,EnderbyLand, Antarc-
tica, shav thatthe ice sheetis thinning at a considerableate of 0.5-1.0m a *. Surface
velocitiesin the streamareareachmorethan2000m a 1, making ShiraseGlacier one
of the fastestglaciersof EastAntarctica. A numericalinvestigationof the presentstress
field in ShiraseGlaciershavs the existenceof a large transitionzoneof 200km in length
whereboth shearingandstretchingare of equalimportancefollowed by a streamzoneof
approximately60 km, wherestretchings the majordeformatiorprocess.

In orderto improve theinsightin the presentransienbehaiour of theice-sheesystem
atwo-dimensionatime-dependerftowline modelhasbeendeveloped takinginto account
the ice-streammechanics. Both bedrockadjustmentand ice temperatureare taken into
accountandthetemperaturdield is fully coupledto theice-sheetelocityfield.

Experimentswere carriedout with differentbasalmotion conditionsin orderto un-
derstandheir influenceon the dynamicbehaiour of theice sheetandtheice streamarea
in particular Resultsrevealedthatwhenbasalmotionbecomeghe dominantdeformation
process(partial) disintegration of the ice sheetis counteractedy colderbasal-icetem-
peraturesiueto higheradwectionrates. This givesriseto a cyclic behaiour in ice-sheet
responsandlarge changesn localimbalancevalues.
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4.1 List of symbols

a Arrheniusconstant (Pa "a 1)

A Ice flow-law parameter (Pa"m al

As Sliding law parameter

b Flow-bandwidth (m)

Cp Specificheatcapacity (Jkg K

D Diffusioncoeficient (m?a 1)

g Gravitation constant (9.81ms ?)

G Geothermaheatflux (-54.6mWm 2

h Bedrockelevationabove presensealevel (m)

H Ice thickness (m)

ki Thermalconductvity of ice (m 1K tal

L Specificlatentheatof fusion (3.3510°Jm 1K ta b
m Flow-enhancemerftictor

M Surfacemassbalance (ma liceequialent)
N Effective normalpressure (Pa)

n Glenflow-law exponent (3)

p Sliding-law coeficient (0-3)

Py Pressurgradient (Pam 1)

q Sliding-law coeficient (0-2)

Q Activationenegy for creep (Imol b

Qw Waterflux (mds 1

R Universalgasconstant (8.314Jmol 1K 1
Rij Resistve stress (Pa)

S Basal-meltingate (ma liceequialent)
t Time (alyear])

T Icetemperature (K)

To Absolutetemperature (273.15K)

T T relative to pressurenelting (K)

u Horizontalvelocity (ma b

Us Basal-slidingvelocity (ma b

U Verticalmeanhorizontalvelocity (ma 1

w Verticalvelocity (ma 1

X Horizontalcoordinate (m)

z Verticalcoordinate (m)

B Geometricconstant ( 2.0
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0 Waterfilm depth (m)

Oc Critical particlesize (m)

Oij Kronecler delta

L Horizontalgradientat depth(

€e Effective shearstrainrate (a?d

£ij Shearstrainrate (a?b

Yy G ki (geothermaheat) (Km 1

K Boundaryvalue (O (surface)or 1 (bottom))
A\ Lithostaticstresscomponent (Pa)

u Viscosityof water (1.810 3 Pas)
o Ice density (910kgm 3)
Ds Sea-vaterdensity (1028kgm 3)
On Normalstressatthebase (Pa)

Op Ice-shelfback-pressure (Pa)

v Temperatureorrectionfactor (0.0-0.1C Y
Th Basalshearstress (Pa)

Te Effective stress (Pa)

T4 Driving stress (Pa)

Tjj Stress (Pa)

T Stresdeviator (Pa)

Verticaldimensionlessoordinate

4.2 Intr oduction

The dynamicbehaiour of a large polar ice sheetis well understood,groundedice flow is
basicallygovernedby shearingcloseto the bed. In its mostsimplistic form, the basalshear
stresequalgce densitytimesgravity timesoverburdendepthtimessurfaceslope whichHutter
(1993)definedasthe glaciologists first commandmentiHowever, like ary physicalsysteman
ice sheetis not only controlledby its internaldynamicsbut alsoby its boundaryconditions,
which arelesswell understoodThe ervironmentalprocessesuchassurfacetemperaturend
massbalanceact as the upperboundaryand are in mary ice-sheetmodelsregardedas the
external systemforcing. The presentervironmentalconditionstherebysene asa reference.
Thetwo remainingboundariespn whichwe will furtherconcentratén this paperarethebasal
motionasalowerandthemaigin dynamicsasthe outerboundarycondition. The basalvelocity
dependsn the internalice dynamicsthe bedrockconditionsandthe presencef waterat the
ice-sheetbase. Basalvelocity will thusplay a role whenthe temperatureof the basalice is
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atmelting pointandwill gainmoreimportancecloseto the magin whereit interactswith the
maigin ice dynamics.

Whentheice-sheetnagin terminatesat the seain the form of afloatingice shelf,a transition
zonecanbedefinedwheretheice-sheetlynamicggraduallyevolve towardsice-shelfdynamics.
Elaboratestudieson this groundingzonehave revealedthatfor smallbasalmotionthewidth of

thetransitionzoneis of the sameorderof magnitudeastheice thicknesssothatthe grounding
zoneis reducedto a groundingline andthe shallav-ice approximationstill holds, provided

that thereis no passve groundingof the ice shelf. A full derivation of the Stokes balance
equationsis not necessaryijt sufficesto calculatethe longitudinal stressdeviator along the
groundingline and prescribea longitudinalstressgradient(van der Veen,1987). Grounding-
line movements thusonly governedby ice-sheemechanicgHindmarsh,1993). This situation
is the commonesbuter boundaryat the edgeof the EastAntarctic ice sheetwherea steep
surfaceslope,characterizinggroundedce, abruptlychangego a small surfacegradientwhere
theice beginsfloating.

However, large amountsof Antarcticice arenot drainedalongthesemangins but throughfast
outletglaciersor ice streamswhich arebelievedto bemoresensitveto environmentalchanges.
Theseice streamsarecharacterizedy large basalvelocities,relatively smallsurfacegradients
andalow basaltraction. Theinternalice dynamicsnvolve not only shearingbut alsolongitu-

dinal stretching thusviolating the first commandmentin WestAntarctica,whereice streams
areacommondrainagdeature they areableto destabilizeheice sheet.

TheEastAntarcticice sheeis alsoin someplaceddrainedby largeice streamssuchasLambert
Glacier JutulstraumerShiraseGlacieror SlessoGlacier In thispapemwewill focuson Shirase
Glacier(70 S, 39 E) in EnderbyLand (Fig.4.1). This importantcontinentalice streamdrains
about90%of thetotalice dischageof ShiraseDrainageBasincoveringapproximatel\200000
km2. This S-shapedasinextendsfrom the polar plateaunearDome F (77 22’S, 39 37'E)

to Lutzow-Holmbukta. ShiraseGlacieris one of the fastest-flaving Antarctic glaciers,with

velocitiesup to 2700m a ! in theice-streanregion (Fuijii, 1981). Theice flow in the central
drainagebasinis furthermorecharacterizedby large submegencevelocities(Naruse,1979).
Consecutie measurements this area(Naruse,1979;Nishio et al., 1989; Toh and Shikuya,
1992)have pointedto a large thinningraterangingfrom 0.5t0 2.0m a ! in the region where
thesurfaceelevationis lowerthan2800m. Kamedaetal. (1990)concludedrom a studyof the
total gascontentsof ice coresin this areathatthethinningis a ratherrecentphenomenomand
thattheice sheetsurfacedecreasetly some350m duringthelast2000years.

In a previous papey PattynandDecleir (1995a)simulatedthe dynamicalbehaiour of the Shi-
raseDrainageBasin during the courseof the last glacial—-integlacial cycle. Exceptfor the
ice-streamarea,the modelwasableto describethe main featuresof the drainagebasin. The
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Figure4.1: Locationmapof ShiraseDrainage Basin. Thedashedine representshe cential
flowling asprimary inputfor themodellingexperimentsTheflowline startsat domeF, follows
mote or lessthe 40 E meridiantowards Lutzow-Holmiokta, and endsat ShiraseGlacierin a

floatingice tongue

presenipaperfocuseson the processef the streamareaandnearthe basalboundarywhich
we think areimportantin controllingthe enhancedhinningof theice sheet.First, the present
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force balanceof the streamareais calculatedprogressiely from the surfaceof the presenice
sheet(asdisplayedin Fig. 4.2; usingthe obsered surfacevelocity asan upperboundary)to
the bottom,accordingto the methodproposediy vander VeenandWhillans (1989). This ex-
perimentis describedn Section4.6. Secondly by inverting this method,the total stress-field
derivationis incorporatedn anice-sheesystemmodel,wherethe calculationsstartat the bot-
tom (basalvelocity) andprogressowardsthe ice-sheesurface,asexplainedby van der Veen
(1989). In thelatter case sensitvity experimentsare carriedout with differentdescriptionsof
the basalmotionin orderto understandhe ice-sheetresponsen time. Therefore we took a
simpleice-sheetonfigurationasgivenin Fig. 4.3,in orderto reducelocal effectsimposedby
the ShiraseGlacierbedrocktopographyAn S-shapedbasinform waskeptto take into account
thelarge corvergencen the streamarea.
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Figure4.2: Geometriccharacteristicsof the ShiraseGlacier flowline

4.3 Velocity and stress-fieldcalculation

The numericalice-sheetsystemmodel usedin this studyis a dynamicflowline model that
predictsthe ice-thicknesdistribution along a flowline in spaceandtime aswell asthe two-
dimensionaflow regime (velocity, strainrateandstresdields) andtemperaturalistribution in
responsé¢o ervironmentalconditions.

A Cartesiarcoordinatesystem(x, 2) with the x axisparallelto the geoidandthe z axispointing
vertically upwards(z = O at sealevel) is defined. Startingfrom the known bedrocktopogra-
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Figure4.3: Geometriccharacteristicsof the steady-stateefelenceice sheetfor the modelling
experiments.

phy andsurfacemass-balancdistribution, andassuminga constanice density the continuity
equationis usedto form anevolution equatiorfor theice thicknessH where

oH 10 UHb

ot b ox
with U thedepth-aeragecdorizontalvelocity, H theice thicknessM the surfacemassalance,
andSthemeltingrateat the baseof theice sheet.Divergenceandcorvergenceof theice flow
aretakeninto accountn thecalculationof thevariationof theice flux alongtheflowline through
the parameteb, indicatingthewidth of theflow bandandtaken perpendiculato the flowline.
Boundaryconditionsto the ice-sheesystemare zerosurfacegradientsat the ice divide anda
floatingice shelfatthe seavard mamgin.

M S (4.1)

For the derivation of the two-dimensionaktressfield in the ice-sheesystem the methodde-
scribedby van der VeenandWhillans (1989)andvan der Veen(1989)wasfollowed asmain
reasoningFor numericalcorveniencea dimensionlessertical coordinatds introducedo ac-
countfor ice-thickneswariationsalongtheflowline, whichisdefinedas(¢ H h z H,so
that,{ = 0 attheuppersuriaceand( = 1 atthebaseof theice sheet.Themajorassumptiomade
in the modelformulationis to considerplanestrain,sothatall stresscomponentsnvolving y
arengglected.In thisway, the Eulercontinuumin two dimensionss written as

O0Tyx 1 Ot 1 0Ty
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aTXZ 1 aTXZ 1 aTZZ

>z —p X — T2 4.
X H%al H (4.3)
where
dH h _oH
o Y (4.4)

Following Whillans (1987)andvander VeenandWhillans (1989),the full stresscomponents
from Eq. 4.2 and4.3 arepartitionedinto aresistve (R;j) andanda lithostatic(A) component,
sothat

T Rj oA, A pgHC (4.5)

with &j; theKronecler delta,equallingl wheni = j and0 otherwise Introducingtheresistve-
strescomponeninto Eq.4.2andintegratingfrom theboundary to agenerablepthd in theice
sheetresultsin anexpressiorfor theresistve-sheastress.Theboundaryaluek is introduced
sothatcalculationscanstartfrom the surface(k = 0) aswell asfrom the bottom(k = 1) of the
ice sheet. The startingconditionk = 0 is appliedin the diagnosticrun, (seelater) while the
startingconditionk = 1 is usedin the modelling experiments.Resistve stressesanthenbe
replacedvy shearstrainratesthroughthe constitutve relationandtherelationbetweerthefull
stresdensorandthedeviatoric stress Glen’s flow law is usedasconstitutve relation(Paterson,
1994). TheresultingequationthenbecomegvanderVeenandWhillans, 1989;vander Veen,
1989)

¢
A 1 néel : 1£.':XZ Z TK Z K Td ai)( 2HA 1 néel : 1éxx Z dz
K
1 n: 1n 1- a Z
20A T TEe &x (DR EVD HRzAC (4.6)
OH h

K O &« Rz0 RxO o 0 4.7)
oh

K 1 TK RXZ 1 RXX 1 & Tb (48)

wherety is thedriving stresgty pgHO H h). Eq.4.6canbeintegratedhumericallyfrom
thesurface(k = 0) or from thebottom(k = 1) of theice sheetwith boundaryconditions4.7 and
4.8, respectrely. Theflow-law parameteA is a functionof temperaturd (correctedor the
dependencef the melting point on pressurgT = T - 8.7 10 4 H) andobeys an Arrhenius
relationship(Paterson;1994):
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A  maexp % (4.9)

wherea=1.1410 °Pa "a 'andQ=60kJmol 1forT  263.15K, a=5.7410Pa "a !
andQ =139kJmol 1forT  263.15K.

An expressiorfor the verticalresistve stresss obtainedby vertically integratingEq. 4.3 from
the surfaceto a depthin theice sheet(. After algebraicmanipulationsimilar to the derivation
of Eq.4.6,theverticalresistve stressanbewritten as

: : a ¢ . :
RZZ Z O-K AZA 1 nsel : 18)(2 Z a_x « HA 1 neel n 18)(2 Z dZ (410)
O0H h
K O ok R;z0 RO “ox 0 (4.11)
oh
K 1 O Rzl Raelo o (4.12)

whereEqQ. 4.11 and 4.12 apply to the boundaryconditionsat the surfaceor at the bottom,
respectrely. Strainratesareby definitionrelatedto velocity gradientssuchthat

1 Oui du;

— A It
2 0Xj 0X €

i (4.13)
Introducingthe scaledvertical coordinatesystemandapplyingthe incompressibilitycondition
(Qu gk 9w 0)anexpressioncan be found for the normalstrainratein the horizontal
direction. Boundaryconditionsto this systemof equationsarea stress-fresurfaceandknown

horizontalandvertical ice velocitiesat the surfaceor at the basallayer The whole velocity
field canbe calculatedfrom the ice-sheegeometrytaking into accountthe properboundary
conditions.Thenumericalsolutionto the above-describe@quationdasbeenexplainedin van

der Veen(1989)andbriefly hereafter Oncethe two-dimensionalelocity field is calculated,
horizontalice fluxes,which arerelatedto the rateof ice-thickneschangethroughEq. 4.1 are
found by integratingthe horizontalvelocity from the bottom of the ice sheetto the surface,
hence

1
UH H uZdZ uH (4.14)
0

whereus is the basal-slidingselocity, which will bedefinedlater.
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4.4 Icetemperature and isostaticbedrock adjustment

Thetemperaturelistributionin anice sheets governedboth by diffusionandadwection,andis
thereforedependennhot only on boundaryconditionssuchassurfacetemperaturandgeother
mal heatflux but alsoon ice velocity. The thermodynamicequationcanthus be written as
(HuybrechtsandOerlemans1988;Ritz, 1989)

oMk PT T
ot pcpH2 022 ox ¢
19T dH h OH h oH oH
nac o YSTax o S Yk W
1 adu
oo e z (4.15)

with T temperatureandk; andc,, thethermalconductvity andthespecificheatcapacityrespec-
tively. The heattransferis thusa resultof vertical diffusion, horizontalandvertical adwection
andinternaldeformationcausedy horizontalshearstrainrates. Boundaryconditionsfollow
from the annualmeanair temperatureat the surface,andthe geothermaheatflux (enhanced
with heatfrom sliding) atthebase(Ritz, 1987)sothat

oT H HGH hul

i 4.16

whereyy is the geothermaheatenteringthe ice at the base,andtaken as a constantfor the
line of experimentdiscussedhere. The basaltemperaturén theice sheetis keptat pressure-
melting pointwheneer it is reachedandthe surplusenepy is usedfor melting. This may; in
somecasesleadto the formationof atemperatece layerbetween!, 1and{ {mel, SOthat
thebasal-meltateSis definedas

ki oT oT 1 Cmetdu
— = — — —Txz  d 4.17
oL o . a . pL1 azszZ (4.17)
whereindex b denoteghe basaltemperaturgradientasgivenin Eq.4.16andindex c denotes
thebasatemperaturgradientaftercorrectionfor pressurenelting. In theice shelf,thevertical
temperaturerofile is taken linearly with the surfacetemperaturesthe upperboundarycon-
dition anda constantemperaturef -2 C atthe bottomof theice shelf. Melting or refreezing

processeattheice—sea-watercontactarenottakeninto account.

Bedrockadjustmento theice loadis calculatedasdescribedby OerlemansandvanderVeen
(1984). The elasticpropertiesof the lithospheredeterminethe ultimate bedrockdepression,
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while the viscosity of the underlyingastenospherdetermineghe relaxationtime. Thetime-
dependentesponsés modelledby a diffusionequatiorfor bedrockelevation.

4.5 Numerical solution

Themainpartof thenumericalschemesonsistof solvingthebalancesquation(Eq.4.6)for the
shearstrainrateatgenerablepthl. Thereforeyelocitiesatthatdepthlayerandthevelocitiesof
thelayerunderneattor above needto be known. For modellingpurposesintegrationstartsat
thebedrock(k = 1), conditionedoy abasalelocityandwhichis governedoy bothbasalkliding
mechanismdgce-streanandice-shelfflow. Furthermorethebasalvelocityis influencedby the
two-dimensionaktressfield andvice versa,so thatlinking of the two mechanismshouldbe
performeddynamically vander Veen(1989)offers a solutionfor the integrationof the flow
field startingfrom the bed. The numericalcomputatioris however rathertime-consumingand
increasesvheneventuallya basalboundaryconditionis linkedto the flow field. However, by
choosinggoodinitial estimateso thebasaldragandnormalstresscornvergencecanbeattained
ratherrapidly, even whenbasalvelocity is influencedby the basaldrag. The final-flow field
determinations stoppedvhenthestress-fresurfaceconditionis fulfilled, i.e. Eq.4.8and4.12.

Thetwo-dimensionaice-sheesystemmodelis implementedn a flowline which extendsfrom
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
differentialequationandwritten as

oH

P %%bex% M S (4.18)
with D x adiffusion coeficientwhich, in the groundedce sheetequalsthe massflux (UH)
dividedby thesurfacegradient.A solutionto this equationcanbe obtainedoy writing Eq.4.18
in theconserationform (Mitchell andGriffiths, 1980). For thenumericalcomputationa semi-
implicit schemewasappliedand new ice thicknesse®n the next time steparefound by the
solutionof a tri-diagonalsystemof equations An implicit numericalschemevasadoptedor

theice-temperaturéeld, resultingin a similar setof tri-diagonalequations.

4.6 Diagnosticmodelrun

Theice-sheegeometryof ShiraseDrainageBasin (surfaceandbedrockelevation) was com-
piled from Japanes#opographionapsof the region. Surfacevelocitiesareknown at several
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siteson Mizuho Plateavandat the glaciermagin. More detailedreferenceo the compilation
of theflowline data,presenimass-balancandsurface-temperaturdistribution canbe foundin
PattynandDecleir(1995a). Temperaturén theice sheetwascalculatedn thebasisof asteady
statetemperaturelistribution andcoupledto the velocity field by meansof the Arrheniusrela-
tionship.

Adoptingthisice-sheetonfigurationjt waspossibleto obtainthe two-dimensionastressand

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

startingfrom the presenthorizontalandvertical surfacevelocities. The presentsurfacemass
balancewasusedasthe upperboundaryto the vertical velocity. The resultingeffective stress
distribution (incorporatingooth shearingandstretching)in the glacierarea(from a distanceof

600km from theice divide down to thegroundingline) is displayedn Fig. 4.4. In theupstream
areathe ice flow is primarily governedby shearstressegdown to 710 km from the divide),

becausef therelatively highsurfaceslopesmposingalargedriving stress.Theice-streanarea
itself (from 800km furtherdownstream)s almostsolelydrivenby longitudinalstretchingand
shearstressearealmostnegligible. Betweenthesewo areasothshearstressandlongitudinal
stressareof the sameorderof magnitudeandform somekind of transitionzone. Despitethe

poor knowledgeon the detailedsurfaceand bedrocktopographyand surfacevelocitiesin the

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

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

horizontalvelocity(% 0). Thesefeaturegesemblemoreice-shelfbehaiour thangrounded
ice-sheetlynamics.

Vertical resistve stresseplay a role in thoseareaswherethe flow regime changesi.e. from
shearingo stretchingandvice versa.They areof the orderof 1 to 5 kPa, almosttwo ordersof
magnitudesmallerthanthe effective stress.

4.7 Basalvelocity

For modellingpurposesthefull stresdield in anice-sheesystemwhichconsistof agrounded
ice sheetjts groundingzoneor ice-streanareaanda coupledice shelf,is derivedstartingfrom
a basalboundarycondition. The calculationof the two-dimensionalce-\elocity field is thus
reducedo a one-dimensiongbroblem,in which the basal-slidingnechanismn theice sheet,
theice-streanflow mechanisnandthe ice-shelfflow needso be determined.Sincethe basal
boundaryconditionis iteratively updatedwith the derivationof the two-dimensionaflow field,
thefinal solutionis atwo-dimensionabne.

Theice shelfis simply taken asa freely floatingice shelfboundedn a parallel-sidedbay, so
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Figure4.4: Two-dimensionamapof the effectivestressfield in the downsteamareaof Shirase
Glacier

thatall stressesn the y-directioncanbe setto zero. Vertical shearings omitted, so that the
forcebalancesquatiorreducego

0 HT « OH h
3 ng;&x (4.19)

In orderto calculatethe longitudinal deviatoric stressfrom this equilibrium, its value at the
seavard edgeof the shelfmustbeknown. Here,thetotal force of the ice mustbe balancedy
thesea-vaterpressuré Thomas1973),sothat

2

— 1
€ Txx€e -—pgH 1 L Op (4.20)
4 Ps

Usingthis expressiono calculatethe longitudinalstressdeviator at the edgeof the ice shelf,
Eq.4.20is thenintegratedupstreanto yield the longitudinaldeviatoric stressn thewholeice
shelf. Oncethe vertical meanhorizontalvelocity at the groundingline is known, the verti-
cal meanhorizontalice-shelfvelocity (which equalsthe basalvelocity) is calculatedrom the
definitionof thenormalstrainratesandthe constitutve relation:

Exx = ATy (4.21)

Thetemperature-dependeitaw-law parameteA is takenasa constanin thewholeice shelf,
basednthe meanice-shelftemperature.
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Basalsliding of the groundedce sheetcanoriginatefrom sliding of theice over its bedand
deformationof the beditself, the latter if the bed consistsof sedimentsaturatedvith water
at a pressurehat closely matchegshe ice-overturdenpressure.Sliding is thusonly expected
wherethe basalice is at melting point (Paterson1994). In polarice streamsthe origin of the
basalwateris mostlikely dueto basalmelting primarily causedyy strainheating.Percolation
of surfacemelt waterandthe formationof intra-glacialchannelsand moulins might thusbe
neglected. In mostsliding laws, derived from laboratoryexperimentsand datafitting from
obseredvalues basaklidingis afunctionof theshearstressatthebasepedroughnesandthe
effective normalpressuratthebasethelatterequallingtheice overburdenpressureninusthe
waterpressuretthebaseof theice sheet A generaklidinglaw hastheform of (Bindschadler,
1983;Buddetal., 1984;BuddandJenssern] 987;vanderVeen,1987)

us AEN 9expu T To (4.22)

wherep andq are positve numbersrangingbetween0 and 3 andthe exponentialterm a cor

rectionfor the basaltemperatureintroducedby Budd and Jensser{1987). For glaciersthat
terminatein the sea,subglacialwater pressureat the groundingline may be calculatedfrom

the flotation criterion, so that the effective normalpressureN is proportionalto the heightof

the glacier surface above buoyang. In someflow modelsof the Antarctic ice sheet(Budd
etal., 1984;Huybrechts,1990a),the effective pressuras calculatedn the samefashionover
thewhole modeldomainandnot only at the groundingline. However, the physicalrestriction
is thatthe bedrockshouldlie beneattsealevel andthatthe waterpressureriginatesfrom sea
waterinfiltrating at thegroundingline andmoving in the upstreandirection. Sincethis type of

parameterizatiors widely usedin ice sheetmodels,it is adoptedor the calculationof sliding

type2 and5 in Table4.1 (denotedoy HAB).

Subglacialwater pressureor the pressuregradientunderneattthe ice sheetcan be derved

from the existenceof subglaciakchannelsand/orcavities. Bindschadle1983)appliedthe so-

calledRéthlisbegerchannelqRétlisbeger, 1972)for the derivation of effective normalpres-
surein Antarcticice streamsThetheoryandphysicalbackgroundaf theformationof channels
and cavities is very complicatedandis highly dependenon the detailedbedrocktopography
(bumps). Sincebasalconditionsat ShiraseGlacierarehardly known, the useof suchphysical

principlesremainshighly speculatie.

A morestraightforvardtreatmenbf the basalwaterflow is to considerawaterfilm underneath
theice sheet.Accordingto WeertmarandBirchfield (1982),the sliding velocity is dependent
onthedepthof thewaterlayerd andthecritical particlesized. sothat
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Table4.1: Constantsand parametes for the different basal velocity laws. HAB = effective
normal pressue calculatedfrom the heightabove buoyancy(seetext). Thenumbes between
bradketsreferto the equationin thetext.

Type Author uglaw N As p q v O¢
1 B (4.23) — 15101 0O — — 1.010%
(ma 1) (m)
2 B (4.22) HAB 5.010° 1 2 01 —
(Nm lal (Cch

3 A (4.22) (4.25) 0.81C° 1.33 1.8 0.0 —
(pa047ma 1)

4 A (4.23) — 2.010 1 2 — — 1010°%
(Pa?m tal) (m)

5 V  (4.22) HAB 2.010 7 3 1 — —
(N 2mPa}

B = BuddandJenssel(1987);A = Alley etal. (1989);V = vanderVeen(1987)
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Py

whereQ,, is the waterflux per unit width, calculatedthroughdownstreamintegration of the
basalmeltingrateandPy the pressurgyradient(Alley, 1989).

In theanalysisabove, the glaciermovesover anundeformablded,andthe wateractsasa lu-
bricationlayerbetweerthebedrockandtheice. However, in the presencef subglaciatill, it is
very likely that,wheneerthistill layerbecomesaturatedthe drainagds alongthetill and/or
bed(WalderandFowler, 1994). Whenthetill layeris sufficiently thick deformationof thetill
layer (beddeformation)canoccur(Alley, 1989). Combinationof all theseprocessegcavities
in ice andtill, subglacialaquifers)obviously make the basalsliding mechanisnvery compli-
cated.NeverthelessAlley etal. (1989)incorporatedn a simplifiedway the beddeformation.
Neglectingthe shearstrengthof the till andsettingthe effective pressurgN) independenbf
depth thebeddeformationvelocity thentakestheform of thesliding velocity Eq. 4.22without
theexponentiaterm. Theeffective pressur€N) is calculatecas(Alley etal., 1989)
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Bty

1 01log;ud (4.25)

wherethedenominatorepresentthefractionof thebedoccupiedoy thewaterfilm with depth
0, andp ageometricconstantelatedto thebedroughnes¢3 2.0in theanalysisof Alley etal.
(1989)).

In total, we consideredive differentbasalvelocity laws, basedon threedifferentbasalmove-
mentconcepts:(i) basalsliding relatedto basalshearstressand effective normal pressureat
the bed,(ii) sliding dueto the presencef a waterfilm and(iii) till deformationattheice—bed
interface.The coeficientsfor the differentbasal-motioaws aregivenin Table4.1.

4.8 Sensitvity experiments

For the standardnodelrun, we considereda linear slopingbedrock,with an elevation of 500
m a.s.l. atthe divide, away from it graduallyloweringby 150 m per 100km, anda horizontal
grid sizespacingof 10 km. In theverticaldomain,20 layersweredefinedwith thelowerlayer
spacingof AC = 0.015,graduallyincreasingowardsthe top. Startingfrom theinitial bedrock
conditionwe developedanice sheeboundedy thesurlacemassbhalanceandtemperatureon-
figurationasobtainedrom dataof ShiraseDrainageBasin(PattynandDecleir, 1995a).Taking
this simplebedrocktopographylocal extraneousffectsinteractingwith the basalmotionlaws
areexcluded.Only an S-shapedbasinform andthe upperboundary(suriacemasshalanceand
temperaturearein accordwith the presentobsenations. After 40 000 yearsof calculationa
full-grown steady-statéce sheetwasobtainedwith a bedrocklying approximately400 m be-
low sealevel (dueto bedrockadjustmentandatemperaturdield coupledto the velocity field.
Basalvelocity was excludedfrom this standardrun. The groundingline was situatedat 470
km distancerom theice divide anddeterminedy theflotationcondition(Fig. 4.2). Usingthis
steady-statsituationasa referencethe modelran forward again20 000 yearsconstrainedy
oneof thefive selectedbasalmotionlaws. Accordingto Fig. 4.5, theproportionof basaimove-
mentin thetotal balancevelocity is highly dependenbn the basalmotiontype. Basal-sliding
types2, 4 and5 shov a gradualincreasdn the proportionof basalmotionin the total veloc-
ity towardsthe groundingline. Thesearethe Budd andvan derVeentype basedon Eq. 4.22,
with the effective pressurandependenfrom the water productionat the ice-sheebase,and
the Alley type for awaterfilm (Eq. 4.23). Thesethreetypesarea function of the basalshear
stresswhich increasesowardsthe groundingline. However, thetill deformationaw (type 3)
alsodependsn the basalshearstressascanbe seenin Table4.1, but looking closelyat the
governingequationgor thistype,onenoticesthatthebasalsheaistressalsoentersheeffective
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pressurgN) throughEqg. 4.25,sothatthe basalmotionin factbecomesnverselyproportional
to the basalshearstressdueto the power constantg andq (1.33and 1.8 respectrely). The
remainingtypes1 and 3 (sliding over a waterfilm andtill deformation)are characterizedby
a suddenincreasan basalvelocity wherethe basal-icetemperaturegeachegressure-melting
point, andthe proportionof the basalmotionin thetotal velocity decreasem the downstream
direction. Both experimentscreatean ice sheetwith a disturbancen the surface-topography
profile at the placewherethe basal-iceemperatureeachegpressure-meltingoint, thuscreat-
ing akind of enhancedblock-flow” movementof the downstreanpartof theice sheet.At the
cold/ temperaténterfacetheiceis “sucked” outof theupstreamce sheetresultingin asmaller
surfacegradientanda non-nglectablemportanceof thelongitudinalstress.
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Figure4.5: Ratioof thebasalvelocityto thetotal balancevelocityin theice sheetaccoding to
thefivetypesof basalvelocitylawsafter 20 000yeais of integration (seetext for explanation).

A questionthatariseswhentheice sheets subjectedo a changan basalboundarycondition,
is whetheror nottheice masswill retrieve anew steadystate.Theanswelis givenby Fig. 4.6,
displayingthe meangroundedce thicknesduringthe courseof 20 000yearsof integrationfor
the five basalmotion experiments.Wheneer the basalmovementcannotbe balancedy the
ice inputupstreanm{andsurfacemassbalance)theice sheewill continuouslyshrink,giventhat
the ervironmentalconditionremainsthe sameor favoursthe enhancedasalmovement(such
asawarmerclimate).However, theice-sheetemperatur@laysanimportantrole in controlling
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the basalice-sheetlynamics.Introducingbasalmovementcauseghe ice sheetto move more
rapidly, henceincreasinghorizontalandverticaladwectionrates.Coldertemperatureseachthe
baseof the ice sheetthusdecreasinghe total surfacesubjectedo melting. Basalvelocities
decreasestabilizingthe ice sheetmotion. The whole procesgyivesrise to a cyclic behaiour;
theslowerice sheewill tendto grow, adwectionratesdecreasehottommeltingincreaseshence
resultingin largerbasalvelocities. This canbe seenin Fig. 4.7, wherebothmeanice thickness
andtemperaturehangeduringthe courseof 20000yearsaredisplayedaccordingo thebasal-
sliding type 1. In particular the sliding laws which are directly dependenbn the changing
basalcharacteristicsuchasthe basal-meltingatewill shov this apparenbehaiour. Further
more,whenbasal-elocity gradientancreasestretchingpecomeshedominantprocesssothat
shearingin the basallayersbecomedesseffective (% 0), thusreducingthe productionof
basaimeltwatercausedy strainheating.Theamountof basaimeltwaterinfluenceslirectly the
basal-vaterflux andthesliding velocity.
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Figure4.6: Evolutionof the meangroundedce thicknessvhenapplyingthefive differentbasal
velocitylaws.

4.9 Discussion

Payne(1995)shavedthe existenceof cyclic behaiour in ice sheetaith athermo-mechanical
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Figure4.7: Evolutionof the meangroundedice thicknessand meanbasaltempeature when
applyingbasalsliding typel.

ice-sheemodelusingabasakliding mechanisnsimilarto theBuddslidingtype2 in this paper
He foundthatthe couplingof theice-flow field andthetemperatur@volution givesriseto limit
cyclesin thebasalthermalregimeof theice sheet.Thesecyclesarecausedy the switchingon
andoff of sliding asbasalice reacheghe pressure-meltingoint. Resultsof our work do not
shaw this cyclic behaiour for a sliding law in which the effect of basalwateris not explicitly
included. This is probablydueto a lower tuning value in our experimentscomparedo the
sliding law of Payne(1995). By comparingdifferentbasal-motionlaws it seemsthat those
which dependon basalwater are much more sensitve to this cyclic responsepecausehey
not only invoke anon-and-of switchingwhenbasalice reachegpressure-meltingoint, but the
basal-motiormagnitudes alsodirectly influencedby the amountof meltwaterproducedatthe
base. Basalmeltwater dependsoth on the basaltemperatureand velocity gradients which
enhanceghe compleity of theinteractionprocess.

Thesesimplecomparisorexperimentshavedthatregardlesof climatic variability, aninternal
oscillationmechanisnis generatediueto theinteractionbetweertheice-sheethermomechan-
icsandthebasalprocessesindthatbasalprocessesuchassliding overawaterfilm, buoyangy
atthegroundingareaandtill deformationcausea differentresponseén ice-sheebehaiour. In
thefuture,we will thereforecarry out elaboratesensitvity experimentsn orderto explainthe
amplitudeandperiodicity of thesecyclic eventsin view of the basalmechanismsndexternal
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forcing suchasmasshalanceandsurfacetemperature.

4.10 Conclusions

Basednthepresenice-sheetonfigurationmassalanceandsurfacetemperaturetheinternal
stressdistribution of ShiraseGlacierwasanalysedoy the methodproposedby van der Veen
and Whillans (1989). Despitethe lack of detailedmeasurementi the ice-streamarea,the
main propertiesof the stresdfield could be revealed.For a distancedown to 700 km from the
ice divide the ice-sheeimechanicsare solely driven by shearingn the lower layers. Further
downstreancontinuesa transitionzonewhereboth shearingandstretchingplay anequalrole,
about200km in length,whichis followedby a streanmzoneof 50 km in lengthwheregradually
thebasal-sheastresdowersto becomezeroin theice shelf.

The numericalanalysisshaved that the interactionbetweenbasalvelocity andice dynamics
in fast-flaving ice sheetds very complicatedandits effect canonly be understoodvith time-
dependeng In theappliednumericalmodel,thefull Stokesequationsveretakeninto account
and the velocity field coupledto the ice-temperaturalistribution. Dependingon the basal-
motion relationshipused,longitudinal stressesand their downstreamgradientsare not only
importantat the groundingline but alsofurtherupstreamyherethey influencethe basal-shear
stress.Wheneer the basalvelocity playsa majorrole in the deformationprocessits effectis
largely controlledby ice-sheetemperaturethe disintegrationof the ice sheetis partly coun-
teractedoy colderbasaltemperaturegjueto higheradvectionrates.This givesriseto a cyclic
behaiour in ice-thicknesshangewith imbalancevaluesthatattainl m a 1. Whetherthis is
the casefor ShiraseGlacierawaits further investigationon the presentbasalmechanicsn its
downstreamarea.
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lce dynamicsnear Antar ctic marginal
mountain ranges: implications for
Interpreting the glacial-geologicalevidence

Pattyn,F. andDecleir H. 1998.1ce dynamicsnearAntarctic mamginal mountainranges: impli-
cationsfor interpretingthe glacial-geolagical evidence Annalsof Glaciology 27: in press

ABSTRACT. In thereconstructiomf theglacialhistoryof ice-coveredareasjce-sheet
dynamics- translatingthe climatic signalto glaciervariations— is often disregarded. In
this paperanexperimentaframevork, basednice-sheetnodelling,is presentedo deter
mine possibleglacier transferfunctionslinking the climatic signalto the proxy recordof
glacial-geologicabbsenrations. Applied to a flowline througha maginal mountainrange
in DronningMaudLand,Antarctica,it providesabetterinsightinto theglacialhistoryover
thelast200000years.With respecto the differentcombinationsof boundaryconditions,
at leasttwo scenariosvereobtainedfor the glacial historyin the vicinity of the mountain
range.While inland of the mountainsandnearthe coasttheresponséo the climatic signal
is moreor lesssimilar for bothscenarioswithin the mountainrangea large differencewas
found, dependingon the choiceof boundaryconditions. This aberrantboehaiour of the
ice sheetnearmountainrangeds animportantelementn theinterpretatiorof the glacial-
geologicalproxy recordasa function of the climatic signal. The reasonfor the different
responsepatternsencounteredn the mountainareais primarily relatedto the sensitve
interplaybetweersurfacemasshalanceandthermomechanicadropertieof theglacier

107
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5.1 Intr oduction

Reconstructinghegrowth anddecayof the Antarcticice sheein responséo theclimatic signal
remainsone of the main challengego the earthsciencecommunityandcanbe consideredas
a key issuefor understandingpastand future global change.Field evidencefor this purpose
comesfrom two different sources. The first sourceconsistsof the pure climatic evidence,
provided by the glaciologicalcommunityand obtainedmainly by meansof ice coredrilling
nearthe centerof theice cap. Thesedataprovide usessentiallywith variationsin temperature,
masdalanceair andice compositionin thetime domain.Thesecondsources providedby the
earthsciencecommunityandencompassedbegeologicalevidence pffshoremainly by seismic
stratigraphyandonshoreby geomorphologicadvidencein theice-freeareasuchasthecoastal
oasisandthe mamginal mountainranges. Thesedataindicatethe spatialvariationsof the ice
sheetbothin altitudeandextent,andtime variationscanalsobeinferred. However, the proxy
recordof on shoreglacial-geologicabbsenrationsshavs former higher glacier standsonly,
sincesignsof lower glacierstandsareobliteratedby the presenice cover.

Climatic changeasrecordedn ice-coredata,andglacialgeologyarenot directly linked. The
glacieror ice sheettranslateghe climatic signalto glacial-geologicakvidence. This relation-
ship,whichwe call theglacier transferfunction(GTF), is notalwayslinear. Otherfactorssuch
asinteractionf theice sheetwith the ocean pasalhydraulicsandinternalice dynamicsadd
compleity to the GTE All too oftenin the past,climatic variations(ice ages)wereinferred
directly from geologicalevidence therebyneglectingthesecomplex interactionge.g. Hollin,

1962;DentonandHughes 1981). Todaydynamicmodellingis capableof providing physically
soundconstraintdor the deductionof ice-sheewariationsfrom obserationsas madeon ice
dividesandin mawginal areas.

Theaim of thiswork is to reconstructhe dynamicalbehaiour of the EastAntarcticice sheet,
particularly in Dronning Maud Land, over the last 200 000 years,basedon numericalice-
sheetmodelling. Due to the uncertaintiesn boundaryconditionsof the ice-sheesystem,an
experimentalframavork is presentedn orderto determinegpossibleGTFslinking the climatic
signalto the proxy recordof glacial-geologicabbsenations.

5.2 Field evidence

Thestudieddrainagébasinis situatedn eastDronningMaudLand(EastAntarctica)andcovers
the inland plateau,a maginal mountainrange(the SgrRondanevlountains),andthe coastal
area(Fig. 5.1). The SgrRondanéviountainsarea 200km long mountainrange approximately
100 km from the presentcoastandform part of a seriesof mountainrangessurroundingthe
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EastAntarctic continent. Althoughthe mountainsblock ice flow, at someplaceslarge outlet
glacierscutthroughtherange.Theseoutletglaciersarecharacterizety steepsuriaceslopesat
theentranceof the mountainrange(ice fall). At thefoot of theicefall, theice surfacebecomes
relatively flat asglaciersflow in over-deepenedalleys. Ice thicknessn this areais of theorder
of 2 km. Betweernthe mountainsandthe continentakhelfedge bedrocklies beneatlsealevel,
andsomesubglaciatrenchesccur(Fig. 5.2).

Basedon cosmogenisuriace-aposure-agelating of in situ rocks at someplacesin the Sar

Rondanelinkedto the degreeof weatheringof till, Moriwaki etal. (1992)tried to reconstruct
from puregeomorphologicagvidencethe glacial history of the range.They foundthatduring

the last glacial—-integlacial period, the maximumice-sheeexpansionwasonly a few meters
to a few tensof metershigherthanthe preseniglaciersurface. They postulatedhereforethat

duringthis periodonly minor glaciervariationsoccurred.

5.3 Theice-sheeimodeland boundary conditions

As a methodologyfor investigatingpastice-sheetariationswe useddynamicflowline mod-
elling. The numericalice-sheetsystemmodel predictsthe ice thicknessdistribution alonga
flowline in spaceandtime in responséo ervironmentalconditions basedn the calculationof
two-dimensionaflow regime (velocity, strain-rateandstresdields) aswell asthetemperature
distributionin theice sheetandin theunderlyingbedrock.Furthermorethe modelis extended
with isostaticbedrockadjustmentndan ice-shelfmodelasthe outerboundarycondition. A
completedescriptionof themodelis givenin PattynandDecleir(1995a)andPattyn (1996).

A solutionto thevelocity field is obtainedthroughverticalintegrationof the constitutve equa-
tion for theflow of ice, in this caseGlen’s flow law with exponentn = 3. A basalboundaryto
thisflow field is formedby zerobasaldragin theice shelfandarelationfor basalmotionin the
groundedce sheetwherea commonsliding typerelationshipvaschosen

Us AsTEN 2 (5.1)
wheret, andN arethe shearstressand effective normal stressyrespectiely, at the ice sheet
baseandAg is a constanbasalflow parameter

Theflow of ice sheetalsodepend®n theice temperaturewhich entersthe constitutve equa-
tion throughtheflow parameteA T andobeysthe Arrheniusrelationship(Paterson1994).

AT maexp % (5.2)
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Figure5.1: Location map of Antarctica, showingthe Asukadrainage basinand the flowline
throughthe SgrRondaneMountains.a—ddenoterefeencepointsalongtheflowline

wheremis atuningparametewhich takesinto accountunknowvn factorssuchascrystalfabric,
impurity contentetc. The otherparametersiredefinedin Pattyn (1996). T is obtainedfrom
the secondevolution equation|.e. thethermodynamiequationwhich relatesce-temperature
changein time to physicalprocessesuchasvertical diffusion, horizontaland vertical advec-
tion, andfriction (seePattyn, 1996). Boundaryconditionsto this equationform the surface
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Figure5.2: Presentsurfaceand bediodk profile of the flowline throughthe outletglacier Gjel-
breen.Only the part betweer600 kmfromtheice divideto the edge of the continentalshelfis
displayed b—ddenoterefelencepointsalongtheflowline

temperaturatthetop andgeothermaheatingat the baseof theice sheetthelatterwritten asa
temperaturgradient.

oT TpUs

— Yo — (5.3)
0z base ? k'

whereyy (K m 1) is the geothermaheatenteringthe ice expressedisa temperaturgradient,
andthesecondermontherighthandsidesurplusheatcausedy basaimotion.k; is thethermal
conductvity of ice (k, 6.6310’ Jm 1 K ! a 1). Geothermaheatingcantake two forms,
dependingnwhethermeatconductionin thebedrockbelaw is considered.

Yg E withoutbedrockheatconduction
E %—12- with bedrockheatconduction (5.4)

r

whereG -54.6mW m 2 is the geothermaheatflux correspondingo 1.30 HFU (heatflow
units; Sclateretal., 1980)andk; is thethermalconductvity of rock (k.  1.041108Jm 1K 1
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a 1) (TurcotteandSchubert1982).For calculatingof heattransferin the underlyingbed,only
verticaldiffusionis consideredn arockslabof 2000m thicknesdividedinto 5 equallyspaced
layers(seeHuybrechts1992).In someexperimentdescribedelov, A T waskeptconstant
overthewholedomain(isothermatasej.e. nothermomechanicaouplingconsidered)A T

is thendeterminedrom Eq. 5.2 for a givenisothermalce temperaturd andby keepingm =
1.0.

The ice-sheetmodelis numericallysolved on a fixed grid in spaceandtime, i.e. a flowline
startingfrom the ice divide (DomeF) to the edgeof the continentalshelf, which forms the
maximum possiblelateral extensionof the ice sheet,with a horizontalgrid-size spacingof
10km, 30layersin thevertical,andatime-stepof 10years.

Theprimaryinputsfor themodelarebedrockandice surfaceprofilesalongaflowline (Fig.5.1).
Dataweresampledrom theoversnav traversesarriedoutin eastDronningMaudLand(Ageta
etal., 1995;Nishio etal., 1995;PattynandDecleir,1995b). A flowline wasdrawn startingat
DomeF, enteringthe SgrRondaneéviountainsthroughthe outletglacierGjelbreencontinuing
northto thecoastandthenbeyondto theedgeof thecontinentakhelf(Fig. 5.2). Gjelbreercuts
alongthe 25 E meridianthroughthe SgrRondanéviountainrangein a south—norttdirection.

Presensurface-temperatur@ndmass-balancdistributionwereadoptedrom Satav andKikuchi
(1995)basedon measurements EastDronningMaud Land. However, for the mass-balance
distribution two datasetswerecompiled,oneregional dataset(thewhole eastDronningMaud
Land area)and one local dataset (Asukadrainagebasin). The latter takes into accountthe
reducedaccumulationin the SgrRondanéviountains,which actasan ablationwindow within
theaccumulatiorareaof the Antarcticice sheef(Fig. 5.3).

For thepaleo-&perimentsurfacetemperaturés perturbedy changes$n backgroundempera-
tureaccordingo theVostoksignal(Fig. 5.4; Jouzeletal., 1993)andby localchangesn surface
elevation. Changesn surfacetemperaturalsoaffect accumulatiorrates. For the changesn
massbalancewe followed Lorius et al. (1985)andHuybrechtg(1990a). Several dataset®of
eustaticsea-leel changeareavailable. We optedfor two commonlyusedrecordsassea-leel
forcing functions: the benthicoxygen-isotopeecordandthe New Guinearecord,estimated
from marineterraceqShackleton1987). The differencebetweerthesetwo recordsis mainly
reflectedn theiramplitude(Fig. 5.4).

5.4 Experimental framework

Mostmodellingstudiesdefineaso-calledeferencexperimentor standardun,in whichtheice
sheeis runin asteadystateunderpresenenvironmentalconditionsandthefreeparameterare
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Figure5.3: Presentsurface-tempeture and mass-balancelistribution usedin the modelling
experimentsand plotted as a function of surfaceelevation. Two mass-balancelatasetsare
given,a local settakinginto accountthereducedaccumulationn the mountainrange andthe
coastalareaasobservedn thefield and a regional settakenfrom measuementsall over east
DronningMaud Land. a—d denotethe refeencepointsalong the flowline (seeFigs. 5.1 and
5.2).

tunedto obtaina goodfit with the obsenations.This progressiely tuningresultsin onemodel
solutionthatcloselymatcheghe obserations.However, moresolutionsarepossible Consider
for exampletwo points(obsenations)throughwhich we would lik e to fit a parabolicequation
(model). In principle,aninfinite numberof solutionsarepossible.If we fix the coeficientsof
theparabolicequatiorandalterthemprogressiely to achieve amatchwith thetwo obsenation
points,we will obtaina singlesolution.However, if we considerthecoeficientsto lie between
certainerrorboundsandcalculateall possibleparaboliccurves,we mightaswell obtainseveral
solutions.More thanonemodelconstructiorcanthusproduceanoutputwhichis conformwith
theobsenations,a situationthatis referredto asnon-uniquenes@reslesetal., 1994).

In view of the large numberof degreesof freedomof theice-sheetmodelandhencethe large
numberof boundaryconditionsto be specified,a wide rangeof model simulationswas con-
ductedunderdifferentboundaryconditionsand their combinationsand comparedwith both
glacial-geologicatecordsandglaciologicaldataconcerningoresenice-sheetopographyand
surfacevelocity. Basicallywe consideredhat(i) the presenice sheeis notin steadystate;and
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(ii) thevaluesfor boundaryparameterastakenfrom literature(to obtaina “standardrun”) are
only approximatevaluesandcover a large rangeof values. Eachmodelexperimentis a two-
fold processFirst, a steady-statee sheetat 200000BP is establishedtartingfrom anice-free
bedrocktopographyisostaticallyadjustedto the removal of the presentice load. This steady
stateis obtainedafter approximately250 000 yearsunderboundaryconditionsprescribedoy
the specificexperiment,andervironmentalconditionstaken asthe meanover the last200 000
years. Thesemeanconditionscorrespondo a backgroundemperaturelrop of -5.2 C anda
sea-l@el loweringof 50 or 70 m for the New Guineaandbenthic-isotopelatasetsiespectrely
(Fig. 5.4). For the experimentsvheresea-l@el forcing wasignored,sealevel remainedat 0 m
duringthe steady-statenodelrun. Secondthe modelis run forwardin time forcedby changes
in backgroundemperatur@ndsealevel. Theboundaryconditions(or free parametersinclude
a numberof differentsetsfor the presentsurface massbalanceand sea-leel forcing, inclu-
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sion/exclusionof bedrockheatingandisostaticadjustmentanddifferentvaluesfor parameters
relatedto ice rheology basalsliding andgeothermaheatflux (Table5.1). In total 204 experi-
mentalrunswerecarriedout, comprisingl02 steady-stateunsand102 paleoclimatidorcings,
eachwith adifferentcombinationof boundaryconditions.

Table5.1: List of variablesand changesin boundaryconditionsfor the numericalsimulations.
In theisothermalcase m 1 andbothbediod andgeothermaheatingloosetheir meaningas
boundaryconditions.

Variable Reference Value
Local
Regional
1.04HFU
GeothermaHeating G (Eq.5.4) 1.30HFU
1.56HFU
with
without
2.5
Ice flow calibration m(Eq.5.2) 5.0
10.0
2.010 8
5.010 8
with
without
-10C
-8C
-6 C
-3C
without sea-leel changes
Sea-l@el changes Fig.5.4 New Guineaseries
Benthonicisotopeseries

MassBalance Fig.5.3

Bedrockheating Eq.5.4

Basalmotioncalibration Ag(EQ.5.1)

Bedrockadjustment

Isothermalce sheet T (Eq.5.2)

5.5 Determination of the GTF

The102paleoclimaticseriesvereevaluatedoy threeexternalcontrolsin orderto determinghe
possibleGTFs. Two of thethreecontroldatasetsrelateto the presentonditionsof theice sheet
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asobseredin thefield andarecomparedvith the modelresultafter200000yearsintegration
in time. A first controlis the maximumglaciersurfacevelocity in the mountainrangeat O BP
(onthe slopeof theice fall) comparedo the obsenedvalueof 65ma 1. A secondcontrol
is the root-mean-squarerror (rms) betweenthe modelledsurfaceelevationin eachgridpoint
alongtheflowline at0 BP comparedo thepresenbbseredglacierprofile. Thethird setrelates
to thehistoryof theice sheetj.e. pastglacialmaximadeterminedrom exposureagesof in situ
rock at differentheightsabove the presentglaciersurface. Experimentsvere acceptedvhen
thefollowing threeconditionswerefulfilled: (i) amaximumsurfacevelocityof 65 15ma 1;
(i) asurface-profilermserrorof 150m; and(iii) a maximumpaleo-glaciesstand(over the
last200000years)of 100m. Althoughthesdimits appearatherlarge,only 24 experiments
out of 102 wereretained. In these24 experimentsnot all valuesof boundaryconditionsand
combinationgTable5.1) arerepresentedBoundary-conditiorsettingsthatwerenot accepted
in the processwere (i) experimentswithout bedrockheating,(ii) ice-flow calibrationm = 2.0
or m=10.0,(iii) basalmotion calibrationAs = 5.010 8, and(iv) sea-leel changesaccording
to the benthic-isotopaecord. That noneof the 24 retainedexperimentswere driven by the
benthicseriesis dueto thelarge amplitudeof this signal. It producesa substantiagrounding-
line migration(waxingandwaning),andhenceresultsin alarge surface-elgationchangen the
mountainareawhich doesnot conformto the glacial-geologicatecord.Althoughtheretained
experimentencompasbothtypesof mass-balancdatasetglocal andregional), it seemghat
thelocal mass-balanctype,i.e. with reducedaccumulatiorin the mountainarea,resultsin a
betteragreementvith the glaciologicalandglacial-geologicabbsenations. This confirmsthe
ideathatthe SgrRondanéVountainsform a so-calledablationislandwithin the Antarcticice
sheet.

After a carefulanalysisof the 24 GTFs, we classifiedthemin two major groupsor scenar
ios, eachgroupcharacterizethy a distinctdifferenthistory of glaciersurfacevariationswithin

the mountainrange. The differencebetweerboth scenarioseemdo be mainly relatedto the
thermomechanicgiropertiesof the experiments.The best-fitGTFsof eachgroup,i.e. those
experimentsvhich arein bestagreementvith both glaciologicalandglacial-geologicabbser

vationsare:

Scenariol: with bedrockheating;G  1.30;m 5.0;localmassbalanceaype;As 2.010 &;
with isostaticadjustmentwithout sea-leel changes.

Scenario2: isothermalice sheet;T -6 C (for m = 1.0); local massbalancetype; As
2.010 8; with isostaticadjustmentyithout sea-leel changes.

Thesetwo scenariosaredisplayedin Fig. 5.5,i.e. by meansof the responsef the ice sheet
surfacevariationsat the ice divide (Fig. 5.5a),in the plateauareaupstreanof the mountains
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(Fig. 5.5b), the glacierareawithin the mountains(Fig. 5.5c) andthe coastalice sheetdown-

streamof the mountaing(Fig. 5.5d). Neartheice divide, the two scenarioglisplaythe same
trend (Fig. 5.5a): a maximumice-sheetexpansionof 15-20m higher than presentaround
115000 BP, which is almost15 000 yearslater thanthe penultimateclimate optimum, then

a gradualsurfacelowering to reacha minimum 40-60m lower than presentat about15 000

BP, followedby a rapidrising. Accordingto Fig. 5.5, the surfaceat theice divide is at present
still rising in responseo the climatic signal. This pictureis in agreementvith the analysisof

Loriusetal. (1984)andJouzeletal. (1989)thatfor centralpartsof AntarcticathelLastGlacial

Maximumice sheetwasthinnerthanthe presenice sheet.

Also in theplateauarea(Fig. 5.5b),thetwo scenarioglisplaya similar behaiour, althoughthe
ice sheetreactsfasterto the climatic signalthanat thedivide, sothatat presentheice surface
is lowering insteadof rising. Closerto the mountainsandon the glacieritself (Fig. 5.5¢), a
remarkabledifferentiationbetweenthe two scenariogs obsered. Accordingto scenariol,
minor glaciersurfacevariationsoccurredover the last 160000years,of the orderof 15-20m.
The presentglacier surfaceis therebycloseto its lowestposition of the last 100 000 years.
However, accordingto scenaria2, glaciersurfacevariationsaremorepronounced40—-60m),
but the presentice-sheetsurfaceis closeto its highestposition of the last 100 000 years. It
seemdurthermorethat accordingto scenariol the ice-sheetsurfacegraduallyrisesbetween
interglacials,while accordingo scenarid the surfacegraduallylowersandquickly riseswhen
surfacetemperatureincreaseat the end of the glacial period. This leadsto two completely
differentinterpretationf the glacial historyin the SgrRondanewhich will be discussedn
detailbelow.

Finally, in the coastalzone(Fig. 5.5d), both scenariosare quite similar with an amplitudeof
ice-sheesurfacevariationsof 40—60m. In both casestheice-sheesurfaceis at presentsitill

loweringandcloseto its minimum positionof thelast100000year Thehigh frequeny oscil-
lationsbetweerB0-1200008P in scenari® (Fig. 5.5d)aredueto minornumericalinstabilities.
They areonly encounterediearthe grounding-linearea.

5.6 Discussion

Scenarial confirmsthe ideapostulatedby Moriwaki etal. (1992)thatonly minorice-surfice
variationsoccurredn the SgrRondanaluringthelastglaciation.This certainlydoesnotimply
that the interior or the coastalice sheetexperiencedsmall variationsaswell. Accordingthe
modelexperimentssurfacevariationsof the orderof 60-80m areto beexpectedn theinterior,
and40-60m in the coastalarea. Lateralvariationsof the ice sheet,.e. waxingandwaning
of the groundingline over the continentakhelf,areminimal ( 60 km). This globalpicture of
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Figure5.5: GTFsaccoding to two acceptedscenarios.The GTFsare givenfor four different
areasof the ice sheet(seeFigs. 5.1 and 5.2 for their positionalong the flowline). Thegray
areain (c) showsthe maximumexpansionof theice sheetin the mountainrange accoding to
glacial-geolagical observations.

ice-sheevariationsin theinterioraswell asin thecoastahreais furthermoreconfirmedby both
scenarios.The major differentiationbetweenboth scenarioseemgestrictedto the mountain
area.Accordingto theisothermalscenarioglaciersuriacevariationsherearenot minimal, but
well pronouncedvith an amplitudesimilar to otherareaswithin the ice sheet,.e. 40—-60m.
Anotherstriking featurerelateso thetiming of events:glacialmaximaobsenedfrom scenario
2 occur5-10000 yearslater thanthoseobsered from scenariol. This phasedifferencein
responsgatternis mostpronouncedvithin the mountainarea.
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For the isothermalcase(scenario2), glaciersurfacevariationswithin the mountainsrespond
mainly to variationsin surfacemasshalance.Therelative large responsdimesto the climatic
signal are due to low accumulationin this areaand explains why the presentice surfaceis
closeto its maximum. However, whenthermomechanicalouplingis introducedn the model
set-up(scenariol) the effect of stiffening and softeningof ice is taken into account. While
basaltemperaturesouthof the Sgr Rondaneand on the highestice slopeof the glacierare
generallylow, pressure-meltingoint is reachedat the glaciers bottomfurther downstream.
This softerice influencegheice fluxesin a differentway thanthe stiffer ice upstreamandalso
affectsthe responseime to the climatic signal. The combinedeffect of ice thermomechanics
andresponséo surfacetemperature@nd massbalancechangesesultsin this locally aberrant
behaiour within the mountainarea. However, a morerigourousexaminationof the effect of
maiginal mountainsonice dynamicsof largeice sheetswill begivenin asubsequeraper

It is clearfrom thesemodelsimulationsthatthe properdeterminatiorof a GTF is essentialn
the reconstructiorof the glacial history The glacial history of ice sheetscannotbe derved
from geomorphologicatlataalone,without taking careof the physicsbehindthe glacial sys-
tem. Thatat presentwo interpretation®f geomorphologicallatacanbe givenis not somuch
dueto modelincapabilitybut moredueto a lack of obserations. For instance gxcluding the
glaciervelocity datafor comparisorin the analysismight evenleadto morethantwo possible
GTFs.Furtherfield work shouldthereforenelpto narrav the gapbetweertheobseredandthe
simulated.

5.7 Conclusions

In this paperwe have attemptedo presenta modelling frameavork capableof disentangling
the regional glacial history of the EastAntarcticice sheetin a consistentvay. The analysis
demonstratedhat, dependingon the choice of boundaryconditions,different scenariosare
expectedo conformwith boththe presenglaciologicalobsenationsandthe glacial-geological
proxy recordof exposureagesof in situ rocks. However, this marked differentiationis only
witnessedn the maginal mountainarea,with a lesspronouncedlifferentiationover the vast
ice-sheetnterior. The glacialhistory of the SerRondaneéMountainscanthusbeinterpretedn
(atleast)two differentways. Oneinterpretationis thatonly minor glaciervariationsoccurred
during the last 200 000 years,as was concludedoy Moriwaki et al. (1992),andthe present
glaciersurfaceis closeto its minimum, while the otherinterpretations thatglaciervariations
areof the orderof 60 m, but thatthe presenglaciersurfaceis closeto its maximumelevation
of thelast200000years.Outsidethe SgrRondaneneartheice divide aswell asin the coastal
areaboth scenariosrein accordandice-sheesurfacevariationsareof the orderof 60—80m.
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Themaindifferencebetweertheinlandareaandthecoasts thatneartheicedividetheice sheet
is at presentloseto its maximumposition,while in the coastalareadeglaciationis completed
andtheice-sheesurfaceis closeto its minimum.
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Paper 6

The variability of Antar ctic ice-sheet
responsdo the climatic signal

Pattyn, F. submitted. The variability of Antarctic ice-sheetresponsdo the climatic signal.
Annalsof Glaciology

ABSTRACT. High-resolutionnumericalmodel experimentswere carried out along
two flowlinesin DronningMaud Land (Antarctica),oneflowline passinghroughthe cen-
tral part a coastalmountainrangeand one alonga major continentalice stream(Shirase
Glacier).Resultsshavedthatice-sheebehaiour in responséo the climatic signallocally
differs. Responsgatternsaredifferentfor the inlandice sheetthe coastalice sheetand
aroundmauginal (subglacial)mountains.Modelledresponséime serieswereanalyzedoy
lag-correlation rangeand fractal analysis. Local differentiationin ice-sheetresponses
primarily relatedto the sensitve interplaybetweersurfaceaccumulatiorpatternsthermo-
mechanicapropertief theice sheetandbedrockroughness.

6.1 Intr oduction

The EastAntarcticice sheetappearsasa stableanddominantfeatureon earthat leastfor the
lastfew million years.Three-dimensionahodelexperimentgfHuybrechts1993)demonstrated
thata serioustemperatureise is necessarymorethan15 K) to disintggratethe ice sheetsig-
nificantly. Thereasorwhy the EastAntarcticice sheetis ableto resistamuchlargerwarming
thanits WestAntarctic counterparis partly dueto the presencef severalmountainsystems,
enablingtheice sheetto retreatat higherelevation (Huybrechts, 1993). The threemajor sys-
temsare the TransantarctidMountains,the Gamhlurtsey subglacialmountainsin the central

121
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partof the EastAntarctic cratonanda semi-continuouselt of coastaimountainan Dronning
Maud Land stretchingfrom Heimefrontfjellain the west(15 W) to the YamatoMountainsin
the east(35 E). Thesemountainsystemsareseparatedby large basins,suchasthe Pensacola,
Wilkesand Aurora subglacialbasinsbetweenthe Transantarctiand Gamhurtses Mountains,
andLambertGlacierbetweerGamhurtsey subglaciamountainsandEnderbyland. Within the
DronningMaud Land coastalmountainchainwe notice sometrans\ersegaps,suchas Jutul-
straumernin thewestandShiraseGlacierin theeastwhichtogethemwith LambertGlacierform
themostprominentcontinentaice streamsf EastAntarctica.

The alternationof maginal mountainglaciersystemsandfast-flaving continentaice streams
imply a local differentiationin ice-sheebehaiour asa reactionto a changingclimate. Ob-
senationsconfirmthis. Stale measuremenis ShiraseDrainageBasin,DronningMaud Land
(Nishio et al., 1989; Toh and Shikuya, 1992)shov a marked thinning rate of the ice sheetof
morethanonemeterperyear However, in thenearbySgrRondanéMountains Moriwaki etal.
(1992)found thatthe maximumice surfaceattainedover thelast100,000yearwasonly a few
metershigherthatthe presentsurface,wherebythe authorsconcludedhat only minor glacier
fluctuationsoccurredoverthis period(in theorderof afew metergo afew tensof meters) Also
adifferentpatternin ice-sheebehaiour is obseredbetweerthecoastakhreaandtheinlandice
sheetWhile nearthe coastthe LastGlacialMaximum(LGM) ice sheeis generallybelievedto
bethicker, the LGM ice sheetis presumedo bethinnerfor centralpartsof Antarctica(Lorius
etal., 1984;Jouzeletal., 1989).

In orderto interpretthe variety of obserationswith respecto presentand pastice-sheetly-
namicsPattyn (1996) proposeda numericalmodel experimentthat could explain the present
dynamicsof fast-flaving glaciers.In a subsequenpaper PattynandDecleir (1998)presented
anexperimentaframevork to determinegn aconsistentvay pastglaciervariationan amaiginal
mountainrangeby linking the climatic signalto the proxy recordof glacial-geologicabbser
vationsthroughnumericalice-sheetmodelling. In this paper the result of both studieswill
be further analyzed. More detailson the numericalmodelitself, can be found in thosetwo
publications.

6.2 Time seriesof climatic forcing and ice-sheetresponse

In this studynumericalflowline modellingexperimentswill be carriedout alongtwo flowlines
in DronningMaud Land (Fig. 6.1),i.e. a flowline alonga majorice stream(ShiraseDrainage
Basin: Shiraseflowline, Fig. 6.2),andoneflowline throughthe centralpartof a coastaimoun-
tainrange(SgrRondaneMountains:Asukaflowline, Fig. 6.3). Both startatthe DomeFuji ice
divide andreachbeyondthe edgeof the continentaplateaun the SoutherrOcean.
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Figure6.1: Situationmapof DronningMaud Landwith the two modelledlowlines.

Eachmodelexperimentis a twofold process.First, a steady-statéce sheetat 200 000 BP is
establishedtartingfrom anice-freebedrocktopographyisostaticallyadjustedo the removal
of the presentce load, underclimatic conditionstaken asthe meanof the last200ka, i.e. a
backgroundemperaturef -5.2 K comparedo present.Secondthe modelis run forwardin
time, forced by the Vostok signal (Jouzelet al., 1993). Changesn surfacetemperaturelso
affectaccumulatiomrates,accordingo Loriusetal. (1985):
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Figure6.2: Presenimodelledongitudinalprofile of the Shiraseflowline after 200ka of forward
integration. Lower paneldisplaysthe correspondindgasaltempeature profile.
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(6.1)

whereM is the surfaceaccumulatiorrate[m a 1], To = 273.15K, Tf t 067Tgt 889
the temperatureabove the inversionlayer (Jouzeland Merlivat, 1984)and Ts t the surface
temperature. This meansthat changesn surfaceaccumulationrate exactly follow changes
in backgroundemperature.Thus, for eachgridpoint along the flowline a local time series
accordingo Eq.6.1andalocalice-sheetesponséime seriesof verticalice-suraicechangess
obtained.
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Figure6.3: Presentmodelledongitudinal profile of the Asukaflowline after 200 ka of forward
integration. Lower paneldisplaysthe correspondindgasaltempeature profile.

6.3 The Shiraseflowline experiments

Previousmodellingexperimentsof ShiraseGlacier(PattynandDecleir, 1995a)shavedthatthe
large obsered thinning rate could not be explainedas a reactionto the climate signalalone.
Anothermechanisnshouldaccountfor this. A new modelformulation— takinginto account
the physicalpropertiesof ice streamsij.e. longitudinalstresse the force budgetanddiffer-
entbasalmotion models(Pattyn, 1996)— revealeddifferentpatternsof cyclic behaiour in ice
streamgdependingon the basalboundaryconditions. In this studywe repeatedimilar exper
iments,this time appliedto the Shiraseflowline. Basalmotion wastreatedby consideringa
waterfilm underneathihe ice sheet,asradio-echosoundingmeasurement@Nishio and Urat-
suka,1991)demonstratethat subglacialwateris omnipresentn the downstreamareaof the
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Shirasedrainagebasin. Accordingto WeertmanandBirchfield (1982),the sliding velocity is
dependenbn thedepthof thewaterlayerd andthe critical particlesized.

us A 1 102 ifd &
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Py

whereQ,, is thewaterflux perunit width [m2s 1], calculatedhroughdownstreamintegration

of thebasalmeltingrate,andPy the pressurgradient(Alley, 1989).As is asliding law constant
(takenas2.010 1 Pa 2 m ! a 1) andty the shearstressat the baseof the ice sheet. The

resultingtime seriesof glaciersurfacevariationsis displayedin Fig. 6.4 (TYPE |), whereit is

comparedo a similar modelrun with a Weertman-typesliding law (TYPE 11) which is inde-

pendenbf the presencef subglacialwaterandwidely usedin numericalice-sheetnodelling.

Accordingto theTYPE | experimenthighfrequeng oscillationsoccurduringthecoldestphase
of theglacialperiodsandduringthe warmesiphaseof theinterglacials.As explainedin Pattyn

(1996)they aredueto theinteractionof theice-sheetemperaturdield andthe conditionsatthe

base:basalmotion causeshe ice sheetto move morerapidly, henceincreasinghorizontaland

verticaladwectionrates.Coldertemperatureseachthe baseof theice sheetthusreducingthe

total surfacesubjectedo melting. Basalvelocitiesdecreasestabilizingthe ice-sheemaotion.

Thewhole procesgyivesriseto a cyclic behaiour; the slowerice sheetwill tendto grow, ad-

vectionratesdecreasehottommeltingincreaseshenceresultingin large basalvelocities. The

periodicity of thesecyclesis approximately3000to 4000years. High frequeng oscillations
areonly obseredin the downstreamareaof ShiraseGlacier anddisappeagraduallytowards
theinlandplateau(Fig. 6.5).

Payne (1995) shaved a similar cyclic behaiour with a thermomechanicate-sheetmodel,
includingabasaklidingmechanisnaccordingo TYPE |1. Themodelproducedimit cyclesthat
are causedy on-and-of switchingof sliding asbasalice reacheghe pressuremelting point.
OurTYPE |l experimentsio notshow ary cyclic behaiour for asliding law in whichtheeffect
of basalwateris not explicitly included,dueto a lower tuning valuecomparedo the sliding
law of Payne(1995)andthefactthatsliding is alsomadepossiblevhenbasaltemperatureare
lower thanthe pressure-meltingoint, thusavoiding abrupton andoff switchingwhich causes
asingularity

The TYPE | experimentsshow thatthereis no needfor a massve drainagein the coastalarea
of ShiraseGlacierto explain the large obsened imbalancevalues,the high frequeng of the



I1.6. THE VARIABILITY OFANTARCTIC ICE-SHEETRESPONSE

_ 100 +———
E 5 f
% 0 - "
=) ]
G -50 - s
<
© 100 -
=
S -150 i
n
‘200 T T T T T T T
| | T | | | | |
S 20 -
> 01
S
< -20 B
(@]
£ -40 i
(./3) ]
'60 T T T T T T T
;\005 | | | | | | |
©
g
s 0.04 - s
©
£ 0.03 1 i
>
(]
(@]
<002\\\\ 1 1 T
200 -175 -150 -125 -100  -75 -50 -25 0
Time (ka)

127

Figure6.4: Timeseriesof TYPEI (solidline) andll (dottedline) experimentsalongthe Shirase
flowlineat gridpointa (upperpanel);timeseriesof -COUPLING(solidline) andISOTHERM
(dottedline) experimentsalongthe Asukaflowlineat gridpointb (middlepanel); time seriesof
surfaceaccumulatiorrateat gridpointb. (seeFig. 6.1 for situationof pointsa andb alongboth

flowlines)

oscillationsaccountfor this, while the ice sheetremainsstable. Any runawvay of ice is coun-
teractedby the thermomechanicalrocesslescribedcabore. A marineinstability is unlikely to

occursincemostof thebedrocklies above sealevel.
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Figure 6.5: Time-spacemap of vertical surfacevariations (compaed to present)along the
Shiraseflowlinefor the TYPEI experiment.

6.4 The Asuka flowline experiments

Using an experimentalframevork, Pattyn and Decleir (1998) carriedout a large numberof
modelexperimentseachwith differentsettingsof boundaryconditions. Theresultswerethen
comparedwith glacial-geologicakvidenceandfield measurementsuchasice velocitiesand
ice thickness Experimentsn agreementvith theseobsenationscouldbedividedin two major
groupsor scenarios.Thefirst scenario( T-COUPLING) is the so-calledstandardnodelexperi-
ment,i.e. with full thermomechanicaoupling(ice stiffnessdepend®nlocalice temperature),
while for the secondscenariqlSOTHERM) a constanflow parametefor thewholeice sheetis
used,.e. independentf theice-temperaturdistribution (constanice stiffness).Althoughthe
responseime seriesof both scenariosare similar alongthe flowline, a marked discrepang is
obsenedin themountainarea(Fig. 6.4). Oneinterpretation(T-COUPLING) is thatonly minor
glaciervariationshave occurredduring the last 200 ka, aswas concludedby Moriwaki et al.
(1992)basedn glacial-geologicaévidence andthe presenglaciersurfaceis closeto its min-
imum, while the otherinterpretation(ISOTHERM) is that glaciervariationsare of the orderof
60 m, but thatthe presenglaciersurfaceis closeto its maximumelevation of the last200 ka.
Outsidethe SgrRondangnot shavn), on the polarplateau aswell asin the coastalarea,both
scenariogrein accordandice-sheesurfacevariationsareof the orderof 60-80m. Themain
differencebetweenthe inland areaandthe coastis that nearthe ice divide the ice sheetis at
presentloseto its maximumposition,while in the coastalareadeglaciationis completedand
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theice-sheesurfaceis closeto its minimum.

6.5 Analysisof time series

6.5.1 Lag correlation analysis

Thecorrelationbetweertheforcing time seriegsuriaceaccumulatiorrateat a givengridpoint)
andtheresponséime seriegice-surbicevariationsatthegridpoint)wascalculatedor different
lagsusingthe fastFourier transform(Presset al., 1992). The lag correspondindo the max-
imum correlationthen givesthe time lag betweenboth time series(Fig. 6.6). For all model
experimentsthetime lag is positive for the interior ice sheetandgraduallydecreasetowards
thecoastmeaninghatamaximumice-surficeelevationis reachedgometime (2-5ka) after the
maximumof theaccumulatiomatesignal. However, the T-COUPLING experimentshovsalarge
negative time lag clearly associateavith the presencef the mountainrange. The ISOTHERM
experimentdoesnot shaw this discrepang, hencethe negative time lag is probablydueto dif-
ferencedn ice stiffnessalongthelow line asbasaltemperaturearelow in the mountainarea
andincreaseapidly northwardof theicefall (Fig. 6.3). Thisfeatureis alsopresentn thegraph
of the maximumcorrelationthat corresponds$o thetime lag (Fig. 6.7), implying thatin areas
characterizethy a negative time lag, the shapeof theresponseaignalmightdiffer slightly from
theinputsignalascorrelationcoeficientsareratherlow.

A slightnegativetimelagis alsoobsenedfor the TY PE | experimentalongthe Shirasdlowline.
Although a dammingmountainrangeis not presentn this area,a reducedsubglacialcontin-
uationof the mountainchaincan be obsened betweerd00 and 600 km from the ice divide,
associateavith a similar patternin thebasatemperaturgrofile (Fig. 6.2).

6.5.2 Rangeanalysis

The amplitudeof the responseéime series,.e. therangeof vertical surfacevariationsat each
gridpoint, is taken as the differencebetweenthe maximumand the minimum of the series
(Fig. 6.8). Generally the rangeof ice-surficevariationsalongthe Shiraseflowline is higher
(150-200m) thanfor the Asukaexperimentg40-100m). Sinceice thicknessn theinlandpart
arecomparabldor both flowlines, the differencemight be dueto a lower accumulatiorrate
in the Asukadrainagebasin. Furthermorejce motionis muchfasterin the Shirasedrainage
basin. Again, all four curvesin Fig. 6.8 display a marked jump in their profile associated
with the presencef the (subglacial)mountainrange. The lowestamplitudeis encounteredh
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Figure6.6: Time lag betweenthe input and responsdime seriesat eat gridpoint along the
flowline for the four experimentsj.e. TYPEI (opencircle) and TYPEII (filled circle) along
the Shiraseflowline; T-COUPLING (opentriangle) and ISOTHERM(filled triangle) along the
Asukaflowline

the mountainareafor the T-COUPLING experiment,which correspondsvith thetime seriesof
Fig. 6.4.

6.5.3 Fractal analysis

Long-termclimatic seriesareconsideredo be self-afine (non-isotropic)fractals(Fluegelman
andSnaw, 1989; Turcotte,1992),characterizedby a fractal dimensionlying betweenl.0 and
1.5. A fractalanalysisof theoxygenisotoperecordof the Pacific CoreV28-293revealedafrac-
tal dimensionof 1.22, meaningthat suchtime seriesshows persistencéhroughtime (Fluegel-
manand Snav, 1989). The aim of our studyis to usea fractal analysis— or an analysisof
varianceon differenttime scales-to interpretthe differencen responsgatternsalongthetwo
flowlines. A commontechniques therescaledangeanalysiS(RSA; Feder,1988)thatwe ap-
plied to the the time seriesof local imbalanceg, t %—T TherescaledangeR Sthenis the
ratio of therangeR, i.e. the differencebetweerthe maximumandminimumof cumulatedval-
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Figure6.7: Maximumcorrelation coeficient correspondingo the time lag betweerthe input
andresponsdime seriesat ead gridpoint along the flowline for the four experiments.Same
legendasFig. 6.6.

uesof ¢ attimet over atime spant, andthe standardieviation S estimatedrom the obsered
valuest t

Rt maxXtt mnXtrt (6.4)
1t 1tr
1
12 5 °
ST — ¢ u ¢ 1 where
Tul

t
Xtr > &u &
i1
1 T
— t
ZEEX:
Therescaledangeis shovn to have a power law dependencentime spant (Feder,1988)

RS 1M (6.5)



132 ICE SHEETDYNAMICS IN DRONNING MAUD LAND

200
160 N
£ x
Q
o> 120 \
-
®©
' |
80 B
40 \ .
NN

300 400 500 600 700 800 900 1000
Distance from ice divide (km)

Figure6.8: Rang (differencebetweemaximunmandminimum)of theverticalice-surfacevari-
ationsat eat gridpointalongtheflowlinefor the four experimentsSamdegendasFig. 6.6.

whereH is the Hurstexponent. If H is greaterthan0.5 andlessthan 1.0, it is relatedto the
fractaldimensionDy by Dy 2 H (FluegelmanandSnaw, 1989). For eachresponsdime
seriesalongtheflowline Dy wasdeterminedrom a linearleastsquaredit of log R S versus
log T (Fig. 6.9 and6.10). For the Asukaflowline experimentsDy lies betweenl.1and1.3,
graduallyincreasingowardsthe coast. A smallbump is obsenred nearthe mountainareafor

the T-coUuPLING aswell asfor the ISOTHERM experiment,althoughthe Dy of the latter is

lower over the whole flowline. A much higher fractal dimensionis obsered for the Ty PE

| experimentassociatedvith the occurrenceof the high frequeng oscillations,which is not
shawvn in the TYPE |l experiment. The sharpvertical jump in this Dy curve around600 km

from theice divide (Fig. 6.10)marksthelimit of theinfluenceareaof theseoscillations.

Thus,the varianceon differenttime spansof the responsesignalincreasesowardsthe coast,
but is hardly influencedby the presencef subglacialmountainsnor the contrastin stiffer /
softerice. Differentresponseatternsin termsof high frequeny oscillationsaccountdor a
high fractaldimension.With exceptionof the TYPE | experimentthe fractal dimensionof the
responseseriesis lower thanthe Dy of the input signal (taken as§ "a—'\t"). This meansthat
the responsesignalsare smootherand small scaleclimatic variationshave lesseffect on the
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Figure6.9: Plotoflog R S versuslog 1 for thetimeseriesaccodingto the T-COUPLINGex-
perimentof the Asukaflowlineat gridpointb. Theslopeof thefittedline H = 0.78,representing
a fractaldimensiorof Dy = 1.22.

ice-sheetesponse.

6.6 Discussionand conclusions

Numericalice-sheemodelexperimentsverecapableof simulatingdifferentresponsegatterns
of the EastAntarcticice sheeto the climatic signalasobseredin thefield, i.e. thelargethin-
ning ratein Shirasedrainagebasinandthe smallglaciervariationsthat— accordingto glacial-
geologicalevidence— occurredover the last 200 ka in the nearbySgr RondaneMountains,
DronningMaud Land. Whetherthe high frequeng oscillations,asa resultof the interaction
betweertheice-sheethermodynamicandbasalsliding, area dynamicprocesshatreally oc-
cursin Shirasedrainagebasinhasnever beenprovendueto thelack of field evidence .However,
similar mechanismarecapableof explainingthe dynamicsof the Siple Coastice streamsi.e.
aswitchingbetweerfastandslow ice-streanflow (A.J. Payne,personatommunication).

All of the above describediime seriesanalysesj.e. lag correlation,rangeand fractal anal-
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Figure6.10: Fractaldimensiordeterminedy rescaledange analysisof the variation of local

imbalanceat ead gridpointalongtheflowlinefor the four experimentsThedottedline shows
thefractal dimensioroftheinputsignal(%—'\t") whichis constantlongtheflowline Samdegend
asFig. 6.6.

ysis, demonstratehat the presenceof a coastalmountainrangeinfluencesto a large extent
theresponsef the ice sheetto the climatic signal,not only in placeswheretheice is clearly
dammed(Sgr Rondanefor instance) but alsowherea subglacialcontinuationof this moun-
tain chainis visible (ShiraseGlacier). In thefirst case(Asukaflowline) the dammingeffect is

obsened by the marked concaity in the ice-surbicetopographyforming anice fall (Fig. 6.3,
upperpanel)andthereducedsurfacevelocitiesat the bottomof theice fall (compressedlow),

while in thelatter case(Shiraselowline) noneof theseareobsened. Thelag correlationanal-
ysisin particularrevealssomethingmnore:in caseof the Asukaflowline experimentsthetime
laggedresponseof the ice sheetis positive along the whole flowline when an isothermice
sheetis considered1SOTHERM). However, a marked differentiationis obsered when full

thermomechanical-mechaniagauplingis considered T-COUPLING). Sincemostof theice
deformationis concentratedéh thelower (basal)layersof theice sheetpasaltemperatureon-
trols to a large extentthe flow characteristic®f the ice sheet. For both flowlines, cold basal
temperatur@arefoundin the presenc@®f subglaciamountaingFigs.6.2and6.3,lower panel).
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Smallice thicknessanda high surfaceelevationimplies a fasteradwectionof cold ice towards
thebaseof theice sheet.

While both lag-correlationand rangeanalysisclearly shov an aberrantice-sheetbehaiour
relatedto the presencef subglaciaimountainsthefractalanalysisonly accountdor the effect
of coastahigh frequeng oscillationscausedy basalkliding. Thefractaldimensionof theice-
sheetresponses lower thanthe dimensionof the input signal,but increasesowardsthe coast,
hencetheice-sheetesponsés smoothein theinterior thanin the coastakrea.
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