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Abstract. Interferometricsynthetic-apertureradar(InSAR) datafrom theERS-1andERS-2

satellitesareusedto measurethesurfacevelocity, topography, andgrounding-linepositionof the

major outlet glaciersin the northernsectorof the GreenlandIce Sheet.The massoutputof the

glaciersat andabove the groundingline is determinedandcomparedwith the massinput. We

find thatthegrounding-lineoutputis approximatelyin balancewith theinput,exceptfor thethree

largestglaciersfor which the masslossis 4� 3 km
�

ice a� � or 11� 8 percentof the massinput.

Along thecoast,wedetectasystematicretreatof thegroundinglinesbetween1992and1996with

InSAR, which implies that the outlet glaciersare thinning. The inferredcoastalthinning is too

large to be explainedby a few warmsummers.Glacierthinningmustbeof dynamicorigin, i.e.

causedby spatialandtemporalchangesin icevelocity.

Iceberg productionfrom theglaciersis uncharacteristicallylow. It accountsfor only 8 percentof

theicedischargeto theocean.About55percentof theice is lost throughbasalmelting(5-8m ice

a� � on average)from theundersideof thefloatingglaciertonguesthatarein contactwith warm

oceanwaters. Masslossesarehighestin the first 10 km of floating ice, whereice reachesthe
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greatestdepthsandbasalmelting is threetimeslarger thanon average.Only a small increasein

basalmeltingwouldsuffice to desintegratethefloatingglaciertongues.

1 Intr oduction

Earlyin thiscentury, thefirstobservationsof northernGreenlandglaciersweremadeusingwatches,

sextant,sketchmapsandphotography[Koch, 1928]. Theseobservationsrevealedthepresenceof

large sectorsof floating ice, consolidatedby the presenceof nearlypermanentfjord ice. Aerial

photographyandfield studiesfrom the1950sshowedthat theglacierfrontswereslowly retreat-

ing andthinning,especiallyin thecaseof tide-waterglaciers[DaviesandKrinsley, 1962]. Little

informationwasavailable,however, on theratesof glacierthinning.

More recently, Higgins [1988,1991]reportedestimatesof ice-frontvelocity andcalf-iceproduc-

tion for northernGreenland.Reeh[1985] foundthat ice producedby calvingwaslow compared

with thatestimatedfor anice sheetin massbalance.This suggeststhatlargeuncertaintiesremain

in thedeterminationof themassbudgetof thenorthernsectorof theicesheet,whichrepresents25

percentof theice-coveredareain Greenland.

Here,wepresentastudyof northernGreenlandglaciersconductedusingspaceborneinterferomet-

ric synthetic-apertureradar(InSAR)datacollectedbetween1992and1996by theEuropeanSpace

Agency’s (ESA) EarthRemoteSensingSatellitesERS-1andERS-2.TheInSAR datawereused

to mapthedetailedtopographyandvectorflow of theice sheet[Joughinet al., 1998;Mohr et al.,

1998],anddetectthetidally-inducedverticalmotionof floatingice [Rignot,1996]over largesec-

tors(severalhundredkm). TheInSARresultswerecombinedwith AirborneTopographicMapping

(ATM) surfaceelevationdata[Krabill et al., 1999], ice-soundingradardata(ISR) [Chuahet al.,

1996],a new digital elevationmodel(DEM) of Greenland[Ekholm,1996;Bamberet al., 2001],

anda new mapof snow accumulation[Baleset al., 2000]. This allowedto obtaina moreprecise
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estimateof themassbalanceof thenorthernsectorof theGreenlandIceSheetandto detectcoastal

thinning/thickeningtrendsof theglaciersvia themonitoringof theirgrounding-linepositions[Rig-

not, 1998a]. Thepapersummarizesour study, andincludesnew ISR andATM datacollectedin

1999,theanalysisof additionalglaciers,thedetectionof grounding-linemigrationon all floating

ice tongues,andvectormapsof ice velocity, that werenot includedin [Rignot,1996;Rignotet

al., 1997aandb; Rignotet al., 2000]. We concludeon theprobablestateof massbalanceof the

northernsectorof theGreenlandIceSheet,andon theimplicationsof theInSARresults.

2 Study area

Figure1 shows a compositeSAR imagemosaicof the outlet glaciersconsideredin this study.

Becauseour primarygoal is to determinethemassbalanceof thenorthernsectorof the ice sheet

asa whole,we only studiedthe ice discharge from the largestoutletglaciers. Glaciersdraining

from local ice capsin Ingelfield,Nyboe,PearyandKronprinsChristianLand,andalpineglaciers

drainingfrom NansenandPearyLand[Weidick, 1995]werenot included.Thestudyareais about

500,000km
�

in size.It extendsfrom HaraldMoltkeGlacier(76.5N, 68 W) nearThuleAir Base,

to StorstrømmenGletscher(76.5N, 23W) in theeast.Mostoutletglaciersin thatsectordevelopa

floatingglaciertongue.Few floatingglaciertonguesexist ontheeastcoastsouthof Storstrømmen.

3 Methods

3.1 Interfer ometry products

The theoryof producingSAR interferogramsof glaciatedterrainhasbeendescribedelsewhere

[Rignotet al., 1995; Joughinet al., 1995; Rignot , 1996; Joughinet al., 1996,1998and1999;

Mohr et al., 1998]andwill not berepeatedhere.We will only summarizethesalientfeaturesof
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ourmethodology.

Thefirst InSARobservationsof northernGreenlandwerecollectedin thewinterof 1992by ERS-

1, thenona three-dayexact-repeatorbit cycle. A largervolumeof datawasacquiredin thewinter

of 1995-1996by ERS-1andERS-2flying in tandemmode:i.e.,ERS-2following ERS-1alongthe

sameorbit with aone-daytimedifference.Almostno tandemdatawereacquiredafter1996.

Double-differenceSAR interferogramswereusedto generatetopographicmapsof the ice sheet

with averticalprecisionnobetterthan � 20m. Thesemapshelpedcorrectsingle-differenceSAR

interferogramsfor theeffectof topographyto estimateicevelocity. Onfloatingglacierice,satellite

radaraltimetryprovidesbettertopographicmaps,becauseInSARis contaminatedbyoceanictides.

For this reason,we usedtheGreenlandDEM to correctsingle-differenceSAR interferogramsfor

topographyon floating ice andalsoto infer ice-shelfthicknessfrom ice-shelfsurfaceelevation.

Bamberetal. [2001]derivedtheirDEM by combiningradaraltimetrywith GPSsurveys,airborne

lasermeasurements,andaerialphotography.

We combinedsingle-differenceSAR interferogramscollectedalong ascendingand descending

tracksto producevectormapsof ice motion, exceptwhereno ascendingtrackswerecollected

(from HaraldMoltke to HumboldtGletscher).We assumedthat ice flows parallelto theice sheet

surface,which is a reasonableapproximationfor polarglaciers.On floatingice, tidal motionwas

removedusingthemethoddescribedin Rignotetal., [2000],whichemploystidal predictionsfrom

the FES95.2tidal model [Le Provost et al., 1998] combinedwith a quadruple-differenceSAR

interferogram.Comparisonsof InSAR-derivedmotionvectorswith GPSdatain variousareasof

groundedice [Rignotet al., 1995;Mohr et al., 1998;Joughinet al., 1999] suggestthat, in most

favorableconditions,ice velocity is measuredwith a precisionof 2-5 m a� � . An examplevector

mapof icevelocity is shown in Fig. 2.

Rignot[1998a]showedthatgrounding-linepositionscanbemappedwith InSARwith ahorizontal
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precisionof 20-50m, which is oneto two ordersof magnitudebetterthanthat in prior studies

[Rignot, 1998b].Grounding-linepositions,however, migratebackandforth with oceantide,over

a roughbed. This limits the precisionof mean-sea-level grounding-linemappingto 100-200m

(assuming� 1 m oceanictide andone percentthicknessslope),unlessmultiple interferograms

areanalyzed.Usingthis approach,we detectedgrounding-linemigrationbetween1992and1996

andconvertedtheresultsinto thinning/thickeningratesusingsurfaceslopemeasuredby ATM and

thicknessslopemeasuredby ISR.

3.2 Ice thickness

We usedbothmeasuredandestimatedice thicknessto computetheice flux. Themeasuredthick-

nesseswereusedprimarily to computemassflux usinga transverseISR profile upstreamof the

groundingline. Thesedatawerecollectedwith a150-MHzcoherentradar, operatedonanaircraft

equippedwith GPSreceivers. The uncertaintyin ice thicknessis 10 m [Rignotet al., 1997b].

Only a few ice thicknessmeasurementsweremadeacrosstheglacierat groundinglinesbecause

of theinherentdifficultiesof flying theaircraftacrossdeepfjords,andprocessingradarechoesin

the proximity of steeprock andice faces. We estimatedthe grounding-linethicknessfrom ice-

shelfelevationfrom DEM or ATM data,assuminghydrostaticequilibriumof the ice. We useda

multiplicativefactorof 9.115to convertgrounding-lineelevationto ice thickness.

In Table1, we comparetheresultswith ISR at thepoint of crossingwith thegroundingline. The

averageerror is 8� 13 percentof the actualthickness.Large deviations( � 30 percent)exist on

a few glaciers(HagenBraeandStorstrømmen),which arenot in equilibrium becausethey are

surge-typeglaciers.An ad-hoccorrection(i.e.,anabsolutebiasandanew multiplicativefactor)is

appliedon theDEM to reducetheuncertaintyin derivedthickness.Theprecisionof thecorrected

thicknessis estimatedto beabout20 to 50m (lastcolumnof Table1, andFig. 3).



6

3.3 Ice fluxes

We calculatedthe ice flux both at the groundingline andupstreamof the groundingline when

transverseISR datawereavailable.We computedtheflux at two locationsto increaseconfidence

in the estimatesof grounding-linedischarge andto estimatethe glaciermassbalanceat higher

elevation,whereicedynamicsandablationeffectsarepresumablylesssignificant.

We calculatedice-frontfluxesfor a few glaciers,andalsocompiledpublisheddataon few others.

Thedifferencein iceflux betweenthegroundingline andtheicefront,dividedby theice-shelfarea

in between,yieldsanestimateof the net balanceof floating ice (Table5). Comparingthe result

with accumulationminussurfaceablationon thefloatingice tongue,wededucedanaveragebasal

meltingrateundersteadystateconditions.Similarly, we calculatedtheaveragebasalmeltingrate

for thefirst 10km of floatingice(Table5),wherebasalmeltingis higher. If thefloatingicetongues

arenot in steadystateandarefor instancethinning1-2 m a� � , conservationof massdictatesthat

basalmeltingshouldactuallyexceedthesteady-staterateslistedin Table5 by thesameamount.

For a typicalgrounding-linethicknessof 600m with anuncertaintyof 30m, andagrounding-line

velocity of 1000m a� � with an uncertaintyof 4 m a� � , the error in massflux is 5 percentand

theerrorin steady-statebasalmeltingis 12percent(10percentuncertaintyfor surfacemelton ice

shelves).

3.4 Glacier topography

TheATM laserinstrumenton theaircraftflying at 500m above theice surfacescansover a 50-m

swath,centeredat aboutthe nadirpoint on the ice surface. ATM surfaceelevationsarereported

to have a heightmeasurementuncertaintyof about10 cm [Krabill et al. 1999]. We usedthese

datato identify hydrostaticequilibriumof theice(Table1 andFig. 3 and4) in theproximity of the
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InSAR-derivedgroundinglines. A few outletglacierswerealsosurveyedrepeatedlyto measure

elevationchangesbetween1994and1999.

WeutilizedtheGreenlandDEM to delineatedrainagebasinsfrom theendpointsof theflux gates,

following the line of steepestslope. We matchedthe endpointsof the groundingline andISR

flux gatesalongflow linesto conserve massbetweenflux gates.Radaraltimetersdo not measure

surfaceslopewell nearthe ice sheetmargin, i.e. right above the groundingline. Becauseof

this,weusedclearly-definedflow-line featuresvisible in theSARimageryto initiate thedrainage

boundariesatlow elevation.Thisprocedurewasextendedtohighelevationuntil thelineof steepest

slopederived from the DEM was found to be well alignedwith flow-line featuresin the SAR

imagery.

3.5 Massaccumulation

Annual precipitationis low in northernGreenland,� 100-300mm waterequivalent in the hu-

mid coastalareas,andlessthan100mm in theinterior [Weidick, 1995]). The1993-1994German

expeditionin eastGreenland[Friedmanetal., 1995]revealedthatOhmura andReeh[1991]over-

estimatedaccumulationin thenorth.Thiswasconfirmedwith recenticecores[Balesetal., 2000].

In the caseof the combineddrainagebasinfrom the six largestnorthernglaciers,the new accu-

mulationnumbersare11percentlower thanthoseemployedin [Rignotetal., 1997a],whichwere

basedonOhmura andReeh[1991]. In Rignotetal. [2000],weemployedapreliminaryversionof

thenew accumulationmapthatis about4 percentlargerthanthatin thisstudy. Weestimatethatan

accumulationuncertaintyof 5 percentis a reasonableassumptionfor theentiredomainof study,

but theuncertaintymaybelargerthan10percentoversmallareas.
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3.6 Massablation

Few studiesof massablationhavebeenconductedin thenorth([Nobles, 1960;Goldthwait, 1971]

at ”RedRock” nearThuleAir Base;[Høy, 1970]in ChristianErichsenIskappein PearyLand(lat

77	 N, long 25	 W); [Lister, 1958]on BritanniaGlacier, in DronneLouiseLand(lat 77	 N, long

24-25	 W); [KonzelmannandBraithwaite, 1995] in KronprinsChristianLand(KPCL) (lat 80 N,

long 24 W); [Braithwaiteet al., 1998] in HansTausenIskappe(HTI) (lat 83 N, long 36 W), and

[Bøggild et al., 1994]on Storstrømmen(lat 77 N, long 23 W)]). The resultssuggestlarge inter-

glaciervariability in radiationbudget: the degree-dayfactor for ice at KPCL is 9.8� 0.9 versus

5.9� 0.6atHTI.

In a prior assessmentof ice sheetmassbalance,we usedReeh’s [1991] degree-daymodelwith a

degree-dayfactorof 9.8-mm/deg/dayfor ice [Braithwaite, 1992] and3.0 mm/deg/dayfor snow.

Thesevaluesarehigherthanthosederivedfor westernGreenland[Braithwaite, 1995,1996]be-

causecloudcover is reducedin northernGreenland[vanderWall, 1996].

In Table2, weadjustedthedegree-dayfactorfor eachglacierto reproduceeitherapublishedvalue

of the glacierequilibrium line altitude(ELA), or its presumedlocationbasedon ERSimagery.

This is basedon a methoddiscussedin Joughinet al. [1999] andRignotet al., [2000]. TheELA

dependson thedegree-dayfactorfor snow, whichweassumeto beequalto 40percentthedegree-

day factorfor ice, following Braithwaite[1996]. Changingthe degree-dayfactorfor snow from

0.3(high value)to 0.18(low value)decreasestheELA by about200m. TheELAs in Table2 are

not known with a precisionbetterthan100m vertical(10 km horizontal).This level of precision,

however, is sufficient to reducetheuncertaintyin surfacemelt to anacceptablelevel.

Most glaciersfit the higherdegree-dayfactor, except three. In the caseof Nioghalvfjerdsbrae,

we calculatea netablationof 2.8 km
�

ice a� � for thefloatingtongueusingthe lower degree-day
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factor, comparedto 3.0 km
�

ice a� � estimatedby Reehet al. [1999] usingunpublishedin-situ

measurements.Our new estimatesof surfaceablationshouldthereforehave an uncertaintyof

about10 percentfor theentirestudyarea.Largererrors(20 to 30 percent)arenot beexcludedon

smallareas.While this uncertaintyis large,it hasa limited impacton themassbalanceestimates.

In Table3, ablationaccountsfor 10 percentof the massbudget,henceyields only a 1-percent

uncertaintyin massbalance.In Table4, ablationis 28 percentof themassbudgetandcontributes

a 3-percentuncertainty. By measuringice fluxesat andupstreamof thegroundingline, we avoid

dealingwith thebulk of surfaceablationthatprevailsat lowerelevation.

Overall, thebalanceflux for eachglacieris not known with a precisionbetterthan10 percent,but

thebalanceflux for theentiresectorof studyshouldbereliableat the6-percentlevel (5 percentfor

accumulation,3 percentfor ablation).Themassbalanceestimatesshouldthereforebeaccurateat

the8-percentlevel.

4 Resultsof the glacier survey

Here,we describethemassbalance,grounding-linemigrationandbasalmeltingresultsobtained

from eachglacier, startingfrom thewestandmoving towardtheeast.For someglaciers,noresults

areincludedin Tables3-6, for reasonsdescribedbelow, but we discussnew informationrelevant

to their stateof massbalance.

4.1 Harald Moltk e,Heilprin and Tracy glaciers.

The1996ERSdatashow no floatingsectionfor thesethreeglaciers.This is consistentwith the

observationsof Koch [1928] in thecaseof HaraldMoltke,but it is contraryto DavisandKrinsley

[1962] reportson Heilprin and Tracy glaciers. Thesetwo glaciershave probablythinnedand
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retreatedconsiderablysincethe1950s.

HaraldMoltke is a surge-typeglacier[Mock, 1966]. It drainsfrom local ice domes,not from the

inland ice aspresumedin thepast. Hence,it is not includedin Tables3-6. At the ice front, it is

5-kmwide,400-mthick andflowsat 90 m a� � . This yieldsa massflux which is 25 percentlower

thanthebalanceflux at thatlocation.At theISRflux gatelocated30km upstream,icedischargeis

26percentlargerthanthebalanceflux. Thisbalancepatternsuggeststhaticeaccumulatesbetween

thefront andtheISRgate,perhapsin preludeto thenext surge.

Kollmeyer [1980]documenteda largeretreatfor Heilprin andTracy glaciers,with Tracy Gletscher

retreatingthe most (7 km between1892and1959). The ice discharge in Table3 is lower than

that estimatedby Weidick, [1995], perhapsbecausethe glacierssloweddown in recenttimes. It

is significantlylarger(33percent)thanthebalancedischarge,however, whichsuggestssignificant

thinningin thissectorof theicesheet.

4.2 Humboldt Gletscher.

This glacieris 110-kmwide at thecalvingfront, with a low rateof movement.ERSdataconfirm

earlierobservations[Kollmeyer, 1980]thatmostof theglacierfront is grounded,exceptfor a few

placesthatfloatathigh tide in thesouthernsector. Thenorthernsectorflows fasteranddevelopsa

permanentfloatingsection(Fig. 4a).Theglacieris closeto a stateof massbalanceat theISRflux

gate(Table3). A division of the glacierdrainageinto a northernandsouthernsectors,however,

revealsthatthenorthernsectorexhibitsamorenegativemassbalancethanthesouthernsector(not

shown in Table3). Thisresultis consistentwith ATM measurementswhichshow morepronounced

thinningin thenorththanin thesouth[Abdalatietal, 2001].

Thegroundingline retreated1 km between1992and1996,which impliesa thinningof 1.7m ice
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a� � (Table6). TheATM measurementscollected20 km furthernorthrevealeda 1� 0.5m ice a� �

thinningrate,which is consistentwith our estimate.HumboldtGletscheris thereforethinningin

thenorth,whereiceflows fast,andcloserto equilibriumin thesouth,whereicemovesslowly.

4.3 PetermannGletscher

PetermannGletscheris a fast-moving glacierthatdevelopsa 20-kmwide by 70-kmlong floating

tongue. We improved our earlierestimatesof its grounding-lineflux by usinga vectormapof

ice velocity (Fig. 2) and a correctedDEM (Table 1). The new estimateis in agreementwith

that computedusinga transverseISR profile collectedin May 1999,a few km upstreamof the

groundingline (Fig.4b). Theglaciermassbalanceis -7 percentof thebalanceflux atthegrounding

line (Table4), and-5 percentat theISRflux gate(Table3).

The groundingline retreated450� 100 m between1992and1996at the crossingpoint with the

1995ISR data,which impliesa thinningrateof 1.3 m ice a� � (Table6). Theaverageretreatrate

acrosstheglacierwidth is 270m, which implies0.8m icea� � thinning.

The line of first hydrostaticequilibrium of the ice is found 1.5 km downstreamof the InSAR-

derivedgroundingline. Similaroffsetsarefoundfor otherglaciers.In 1999,thelimit of hydrostatic

equilibriummigratedsouthof its 1996position(Fig. 4b), which suggeststhat thegroundingline

continuedits slow retreat.

Thecalf-iceproductionfrom thisglacieris 20timeslowerthanits groundingline discharge(Table

4). The net balanceof the floating ice tongueis -8.4 m ice a� � (Table5), of which -2.2 m ice

a� � is dueto surfacerunoff plusaccumulation,andtherestis dueto basalmelting[Rignot, 1996].

Overall,70percentof theiceis lost from bottommelting,25percentfrom surfacemelting,andthe

restfrom calving(icebergs).Thisdivisionof processdiffersmarkedlyfrom thatof glacierslocated
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furthersouth,whereicedischargeis evenlypartitionedbetweensurfacemeltingandcalving[Reeh

etal., 1999].

4.4 Newbugt glacier, SteensbyGletscher

The2-km-wideNewbugtglacierflowsbetweenHall andNyeboeLand[Higgins, 1991],with min-

imal icedischarge.Wefoundnofloatingsectionin 1996whereasHiggins[1991] reportedthatthe

frontal1 km wasafloat.Theicevelocitydecreasedfrom 35-45m a� � in the1970s[Higgins, 1991]

to 19-20m a� � in 1996.Theglacieris likely in astateof retreat.

The4.5-km-wideSteensbyGletscherhasa massbudgetcloseto zero(Table4). Its 1996velocity

is similar to thatmeasuredby Higgins [1991] in the1970s. Its groundingline advancedslightly

(Fig. 4c),which impliesaslight thickeningof theglacier(Table6). Theaveragebasalmeltingrate

of its floatingtongueis similar to thatestimatedonotherglaciers(Table5).

4.5 Ryder Gletscher

This 8-km-wideglacierdrainsinto SherardOsbornFjord. DaviesandKrinsley, [1962] reporteda

large retreatof theglacierprior to 1947,with further retreatby calvingbetween1947and1958.

Theglacierexperienceda mini-surgein 1995,whichmorethantripled its ice velocityonOctober

26/271995[Joughinandothers,1996].By November8/9, thevelocity returnedto normalvalues

observedonSeptember21/22.Additionaldatasubsequentlyrevealedthattheglaciervelocitywas

still normalonOct. 10/11,1995.Themini-surgeof 1995,therefore,lastedabout3.7weeks.

Two successive, large, transverseridgesrevealedby the ISR data(oneridge is shown in Fig. 3c

at -3 km, anotherin Joughinet al., [1999]) obstructtheglacierflow into the fjord. This unusual

bed configurationprobablyplays a major role in the pondingof basalmelt water upstreamof
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thegroundingline, which wassuggestedto beresponsiblefor thepulsing(surge)behavior of the

glacier.

If the glacierwereto triple its velocity for four weeksevery year, it would discharge15 percent

moreice thanlistedin Table4. Thiswouldreduceits positivemassbalancefrom 43to 28percent.

The glacierwould needto surge for longertime periods(12 weeks)every yearto be in balance

with themassinput listedin Table4. At theISRflux gate,theglacierbalancereducesto 17percent

(Table3).

The groundingline retreated4.2 km between1992and1996,which is the largestretreatin our

studyarea(Fig. 4d). The retreatimplies a thinning of 4 m ice a� � (Table6). Most likely, the

glacierlost a large quantityof ice during the surge. At the locationof the 1996groundingline,

theATM dataindicatesa 2-m thinningbetween1997and1999. In 1999,the line of hydrostatic

equilibriummigratedupstreamof its 1997position(Fig. 4d),whichalsosuggestsglacierthinning.

Onepossiblewayto reconcilethethickeningindicatedby theicefluxeswith thethinningindicated

by InSAR andATM is that theglacierdrainagebasinis overestimatedin theDEM (seenext sub-

section).

4.6 C.H. OstenfeldGletscher, Harder and Brikk erne glaciers.

Theseglaciersdraininto VictoriaFjord(Fig.4e).OstenfeldGletscheris thelargestandmostactive

glacier. Its 7-km-widedisconnectedfloatingsegmentmovedat 800m a� � in 1996,asin theearly

1960s,with a similar ice tongueconfiguration[HigginsandWeidick, 1988]. BrikkerneGletscher,

which flows from the northeast,is a surge-typeglacier. The1996velocity of its threebranches

is lower than that recordedin 1978,but comparableto that recordedin 1963,prior to a surge.

HarderandBrikkerneGletschernourishfrom alocal icedome,not from theinlandice,andarenot

includedin Tables3-6.
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The massbalanceof OstenfeldGletscheris largely negative: -71 percentat the groundingline

(Table4) and-50 percentat theISR flux gate(Table3). Its drainagebasinis boundby a dometo

thenorth,andRyderGletscherto thesouth.If thedividebetweenRyderandOstenfeldglaciersis

correct,OstenfeldGletschermustexperiencemassivethinningatpresent.Most likely, someof the

flow attributedto OstenfeldGletscherbelongsto RyderGletscher. Thecombinedmassbudgetof

thetwo glaciersis closeto balancein Table4.

Thegroundingline of OstenfeldGletscherretreated500� 300m between1992and1996(Fig. 4e),

whichimplies5 m icea� � thinning.Thisresultconfirmstheprobablestateof retreatof thisglacier,

independentof its massinput.

4.7 Jungersen,Henson,Marie Sophie,Academyand Hagenglaciers

Theimportanceof JungersenandHensonglacierswasexaggeratedin earlierwork [Koch,, 1928].

Bothglaciersexhibit floatingsections,with minimaldischarge.Thedrainagebasinsarenotdefined

clearlyin thissectorof theicesheet.

Marie SophieandAcademyglaciersdischargeinto IndependenceFjord andexhibitedno floating

sectionin 1996. Marie SophieGletscherreducedits velocity by half sincethe 1970s[Higgins,

1991],while the8.5-km-wideAcademyGletschermaintaineda velocity of 270m a� � . Themass

budgetof AcademyGletscheris largely positive, which is not consistentwith thestateof retreat

reportedby DaviesandKrinsley [1962]. ThedividebetweenAcademyGletscherandHagenBrae,

however, is uncertainsincethetwo glaciersmergeat thelocationof theISRprofile,atabout1000

m elevation(Fig. 1).

HagenBraeis a10-km-wideoutletglacierwhoseice front is dammedby two islands.Theglacier

overridesa transverseridgeat thegroundingline. The1996ice front velocityof 94m a� � is con-



15

siderablylower thanthe510-540m a� � reportedby Higgins, 1991],which suggestsanomalously

low glaciervelocityin 1996.The1996glaciervelocitydecreasesfrom theELA to near-zerovalues

at the ice front, similar to thevelocity profile of Storstrømmen,a surge-typeglacierin the north

east[Reehet al., 1994]. As a result,theglaciermassbudgetis largely positive at thegrounding

line, andcloserto zeroat the ISR flux gate(Tables3-4). TheseobservationssuggestthatHagen

Braeis asurge-typeglacier, whichsurgedin the1970s,andis now in aquiescentmode.

Thegroundingline of HagenBraeretreated400m between1992and1996(Fig. 4f), which trans-

latesinto a 1.6m icea� � thinning,comparableto thatmeasuredwith ATM (Table6). Becausethe

glacieris nearlystagnantat thegroundingline, it is probablythinningat its ablationrate.

4.8 Nioghalvfjerdsbrae and Zachariae Isstrøm.

This sectorof northernGreenlandwasdiscussedby [Thomsenet al., 1997;Rignotet al., 1997a,

Joughinet al., 2001; Reehet al., 1999]. A major retreatof the outlet glaciersmusthave taken

placein thefirst half of thecenturysinceZachariaeIsstrømandNioghalvfjerdsbraeusedto form

coalescentice tonguesinto an ice shelf filling up Nioghalvfjerdsfjorden[Weidick, 1995]. These

glaciersalsoserveasoutletsfor thenorth-easticestream,anunusualflow featurein Greenland.

The massbudgetof Nioghalvfjerdsbraeis negative (Tables3-4), whereasthe massbudgetof

ZachariaeIsstrømis closeto zero.ThedividebetweenNioghalvfjerdsbraeandZachariaeIsstrøm

is difficult to definewith certaintyfor hundredsof km upstreamof thegroundinglines.A morere-

liable indicationof themassbalanceof theseglaciersis thattheir combinedicedischargeexceeds

thebalanceflux by 12percent.They arethereforelikely losingmassatpresent.

Thegroundingline of Nioghalvfjerdsbraeretreated400-600m at theglaciercenterbetween1992

and1996 (Fig. 4g), which implies 1.6 m ice a� � thinning (Table6). On the southernflank of
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Nioghalvfjerdsbrae,hydrostaticequilibriummigratedinlandin 1999comparedto 1996(Fig. 4g),

i.e. thegroundingline probablycontinuedto retreatafter1996. Similarly, on ZachariaeIsstrøm,

for whichnoInSARdataexist prior to 1996,theregionof hydrostaticequilibriummigratedinland

between1995and1999(Figs.3dand4h),whichsuggestsglacierthinning.

4.9 Storstrømmenand L. Bistrup Brae

Thevelocityof Storstrømmenwasdeemedto beconsiderableby Higgins[1991](1.8km a� � ), but

theglacierwasfoundto bestagnantin the1990s[Mohr etal., 1998].Storstrømmenis asurge-type

glacier. Its currentlow level of icedischargeexplainsits largelypositivemassbudget(Tables3-4).

The groundingline of Storstrømmenexhibits a mixture of retreatand advance(Fig. 4i). The

retreatingsectorhasavery low surfaceslope,which impliesno thinning(Table6). Theadvancing

southernsectorthickenedslightlybetween1992and1996.TheATM instrumentmeasuresthinning

of 2 m ice a� � between1994and1999.Becausethevelocity is low, theglacieris likely thinning

at its ablationrate. Surfaceablationvariesstronglyfrom yearto year[Bøggild et al., 1994],and

wasunusuallyhigh in 1997,which wasa recordwarm year in northernGreenland(K. Steffen,

pers.comm.1999).Thedifferencein retreatratebetweenATM andInSARmaythereforemerely

reflectinter-annualchangesin surfacemelt. On theslow-moving L. BistrupBrae,bothATM and

InSARindicatethickeningat thegroundingline.

5 Discussion

Massbalance. Theelevenglacierslistedin Table3 total a dischargeof 62km
�

ice a� � compared

to a balanceflux of 60 km
�

ice a� � , which meansthat the northernsectorof the GreenlandIce

Sheetis approximatelyin balance.Themassbudgetis similarly closeto zeroat thegroundingline
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(Table4). Numerousglaciers,however, exhibit positiveor negativemassbalanceanomalies.Posi-

tiveanomaliesareoftenassociatedwith documentedor suspectedsurgingbehavior. Somenegative

anomaliesresultfrom uncertaintiesin drainageboundariesbetweenneighboringglaciers.If wein-

cludedmorerealisticestimatesof icedischargefrom surge-typeglaciers,positiveanomalieswould

bereduced,but thetotalmassbudgetwouldnotchangesignificantly.

Thethreelargestglaciers,PetermannGletscher, NioghalvfjerdsbraeandZachariaeIsstrømcontrol

90 percentof the ice discharge in this sector. Their massbudgetis -10� 8 percentof thebalance

dischargeat the ISR flux gateand-11� 8 percentat the groundingline. Themassbudgetof the

largerglaciersis thereforenegative.

If we ignore the massbudgetof the smallerandsurge-typeglaciers,the northernsectorof the

ice sheetappearsto be loosingmassat a rateof about4� 3 km
�

ice a� � . This rateof massloss

contributes1/100th of millimeter globalsealevel rise [Jacobset al., 1996],which is negligible.

Similarly, it contributesnegligible ice sheetthinningif spreaduniformly over theentiredrainage

area.Yet, it could producemeter-scaleglacierthinning if concentratednearthe coast,e.g. over

a 50-kmwide region upstreamof thegroundingline. The resultsof Krabill et al. [1999] indeed

suggestnegligible massimbalanceof theicesheetinterior, but thinningnearthecoast.

Coastalthinning. Thedetectionof grounding-linemigrationwith InSAR revealsthatall glaciers

developingafloatingice tongueretreatedbetween1992and1996,exceptslow-moving L. Bistrup

BraeandadvancingSteensbyGletscher. Theretreatratevariesfrom severalhundredm a� � up to

1 km a� � , andconvertsinto thinningof 1 to 2 m icea� � .

Themagnitudeof icethinninginferredfrom thegroundingline retreatis largecomparedto surface

ablation(typically lessthan1 m icea� � at thegroundingline [Thomsenetal., 1997]).Theglacier

retreatis thereforeunlikely to be explainedby enhancedsurfacemelt between1992and1996,

from eitherwarmerair temperaturesor a longermelt season.Glacierthinningmustthereforealso
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beof dynamicorigin.

Glacierice may thin from enhancedlongitudinalstretching,e.g. if theglaciervelocity increases

over time andspace.In the caseof the threelargestglaciersdiscussedabove, an ice thinningof

1.5m icea� � wouldresultfrom alongitudinalstretchingof theiceby 0.0025a� � if thegrounding-

line ice thicknessis 600 m. Over a distanceof oneglacierwidth (20 km), this representsa 50

m a� � increasein ice velocity, which is only 4 percentof the ice velocity at the groundingline.

Measuringsuchan acceleration,or possiblylower if enhancedsurfacemelt alsocontributesto

glacierthinning,shouldbeinvestigatedin thefuture. An increasein coastalvelocity of theoutlet

glacierscomparedto theinlandicewouldcausecoastalthinningandgrounding-lineretreat,while

maintainingtheicesheetinteriorcloseto astateof massbalance.

If thethinningratesinferredfrom InSARhadprevailedoveronecentury, theice tonguesof north-

ernGreenlandwouldnothavesurvivedandweshouldhavewitnessedamajorretreatof theglacier

fronts. PetermannGletscher, for one,did not experiencea major retreat,althoughearlierreports

suggesteda muchroughersurfacefor its ice tonguethanatpresent[Koch, 1928].Retreatof float-

ing glacier tonguesandseaice hasbeenmoreobvious in the north east[Weidick, 1995]. One

possibility, given the historicalevidencefor glacier-front retreat,is that ice thinning andglacial

retreatmusthaveacceleratedin thelastfew decades.

Basalmelting. Thestudyrevealsthemagnitudeandextentof basalmeltingonnorthernGreenland

floatingice tongues.Basalmelt ratesunderneaththeRossandFilchner-Ronneiceshelvesaverage

a few tensof cm ice a� � [Jacobset al., 1996]. In northernGreenland,theaveragemelt ratesare

tentimeslarger. Not only is basalmeltinghigh,but it is alsothedominantform of massablation.

Basalmeltingaverages5-8 m ice a� � on thefloatingtongues.In theproximity of thegrounding

line, the ratesarethreetimeslarger (Table5). A highermelt rate is expectedin theseregions,

becausetheice draft reachesgreaterdepths,andmeltingis facilitatedat greaterdepthsdueto the
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pressuredependenceof theicemeltingpoint [JenkinsandDoake, 1991].

Nearthe groundingline, basalmeltingwill influenceice flow in threeways. If basalmelting is

too largeto maintaintheice in a stateof massbalance,steepersurfacegradientswill begenerated

at the groundingline, which will increasethe driving stress.Higher deviatoric stressgradients

acrossthegroundingline will alsocontribute to softeningof the ice [Huybrecht,, 1990]. Finally,

thebuttressingfloatingtongueswill offer lessresistanceto inlandoutflow asthey thin, whichmay

increaseice discharge. High basalmeltingcould thereforerapidly melt the floating tonguesand

perhapscausemorerapiddischargeof inlandice.

Theinfluenceof basalmeltingon ice sheetevolution hasonly beeninvestigatedfor theAntarctic

icesheet,generallyfor modestlevelsof basalmelting[Huybrecht anddeWolde, 1999].Thevalues

of basalmelting recordedhere,in the proximity of groundinglines,aretwo to five timeslarger

than that in simulations. Also, thosesimulationsindicatedthat changingthe oceanconditions

underneaththefloatingtonguesis a far moreefficient way to collapseice shelvesthanincreasing

surfacemelt dueto warmerair temperatures.Here,a 10 percentincreasein bottommeltingnear

thegroundingline would have drasticconsequenceson thesustainabilityof floating ice tongues:

thefloatingsectorof PetermannGletscherwould disappearin 30 years.In contrast,a 10 percent

increasein surfacemelt, from warmeror longersummers,is unlikely to disintegratethe floating

tongues.

6 Conclusions

The adventsof InSAR andothernew technologieshave permitteda major improvementin our

knowledgeof ice dynamicsandmassbalanceof northernGreenlandglaciers. From thesedata,

we have establisheda modernestimateof the massbudgetof theseglaciers,which is closeto

balance,except in the caseof the larger glaciersfor which the massbudget is negative. The
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detectionof a systematicgrounding-lineretreatof the outlet glaciersprovidesstrongevidence

of their slow retreatand thinning along the coast,independentof their massinput and output.

The thinningratesinferredfrom the1992-1996grounding-lineretreatarelarge. They cannotbe

explainedby afew warmeror longersummers,whichsuggeststhaticethinningis alsoof dynamic

origin. Coincidentally, evidencefor coastaldynamicthinningis morepronouncedin otherpartsof

Greenland[Thomasetal., 2000].

Numeroussurge-typeglaciersare presentin northernGreenland,despiteits dry, cold climate.

Theseglacierscontributelessthan10percentof thetotalicedischarge.Theresultingpositivemass

budgetanomalies,however, emphasizethe importanceof gatheringinformationon ice dynamics

in orderto interprettheresultsfrom satelliteradarandlaseraltimeters.Similarly, theinterpretation

of negativeanomaliesrequiresinformationon temporalandspatialchangesin icevelocity.

InSARhasalsoallowedasystematicassessmentof basalmeltingonthenorthernfloatingtongues.

The resultis that the inferredmelt ratesexceedthoserecordedon large Antarctic ice shelvesby

oneorderof magnitude.It is neitherclearhow suchhighbasalmeltingratescanbesustainedover

time by thesurroundingoceanwaters,nor how thefloatingtonguescanor cannotsurvive in such

anenvironment.In-situ, timely observationsof oceanconditionsbeneaththefloatingtonguesare

neededto confirmandbetterunderstandtheremotesensingresults.
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Figure1. ERSSARmosaicof northernGreenlandglaciers,onapolarstereographicgrid (courtesy

NSIDC,complementedby datafrom this project).ISR linesusedto calculatefluxesareshown in

red; groundinglines from 1996aregreen;drainagebasinsareblack; DEM contourlines (every

100m from 100m to 2000m andevery200m thereafter)areblue.JG= JungersenGletscher;HG

= HensonGletscher;MSG= MarieSophieGletscher;andLB = L. BistrupBrae. c
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Figure2. Vectorvelocity mapof PetermannGletscherderived from ERSInSAR ascendingand

descendingtracks. The groundingline is shown in white for 1996,and black for 1992. Flow

vectorsarered. Velocity contoursareblue. ISR linesaregreen.Vectorvelocity mapsfor Ryder

Gletscher, NioghalvfjerdsbraeandZachariaeIsstrøm,andStorstrømmenareshown, respectively,

in Joughinetal. [1998],Rignotetal., [2000],andMohr etal. [1998].

Figure3. Along-flow surfaceandbedelevationsof (a)PetermannGletscheronMay 10,1999;(b)

RyderGletscheron May 23, 1999; (c) Nioghalvfjerdsbraeon May 19, 1999;and(d) Zachariae

Isstrømon May 19, 1999. Surfaceelevationsarefrom ATM (dottedline) andDEM (continuous

line). Thicknessesare from ISR (thin line), deducedfrom hydrostaticequilibrium from ATM

(thick, bold line) andcorrected-DEMelevations(continuousline). Grounding-linepositionsare

marked with a diamondsymbol. The point of first hydrostaticequilibrium of the ice is at the

crossingof theISRthicknesswith theATM-derivedthickness,comingfrom upstream.

Figure4. Grounding-linemigrationmeasuredwith InSAR between1992and1996on (a) Hum-

boldt Gletscher(b) PetermannGletscher;(c) SteensbyGletscher;(d) RyderGletscher;(e) C. H.

OstenfeldGletscher;(f) HagenBrae;(g) Nioghalvfjerdsbrae;(h) ZachariaeIsstrøm(no 1992In-

SAR); (i) StorstrømmenandL. BistrupBrae.Thelocationof thegroundingline is shown in black

for 1992andwhite for 1996,andmarkedwith a pointingarrow. ISR linesareshown in white for

1995,andblack for 1999. InterceptsbetweengroundinglinesandISR aremarkedasdiamonds.

Thick, continuouslines in (b, c, d, f, g, h, i) denoteportionsof the ISR track for which ice is in
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hydrostaticequilibrium,in white for 1995andblackfor 1999.(b) includesa 1999transverseISR

line usedto estimatethe grounding-lineice flux; no ATM elevation wasavailablefor that flight

dueto cloudcover. All plotsareoverlayon theradarbrightnessof thescene.c



ESA1996.
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Table1. Glacierthickness(m) at thegroundingline. S= south,C = center, N = northsectorof the

groundingline. H ���� = ISR thickness;H ����� = h����� x 9.115;h����� = DEM surfaceelevation;

h����� = ATM surfaceelevation; �� ����� = correctedthicknessfrom DEM. � iceshelfwith elevation

anomaly.

Glacier/Year H ���� H ����� h����� � ����� H ���� /H ��� � �� �����

PetermannGl. 95 544� 2 654� 18 +5� 1 9.7� 1.1 554

PetermannGl. 99 550� 3 649� 16 +5� 2 9.5� 1.3 549

RyderGl. 97 406� 6 480� 6 +16� 1 10.8� 0.5 400

HagenBrae� 99 173� 25 638� 48 +48� 2 8.8� 1.0 193

Nioghalvfjerdsbrae95S 639� 2 619� 3 +0� 0 10.3� 1.0 683

Nioghalvfjerdsbrae99C 744� 1 614� 13 -12� 0 10.3� 0.7 678

ZachariaeIsstrøm99N 564� 2 648� 28 +21� 1 10.9� 1.3 584

ZachariaeIsstrøm99S 527� 35 598� 38 +14� 1 10.9� 1.3 525

Storstrømmen97 422� 3 441� 2 +10� 1 11.1� 0.4 441

Storstrømmen99 507� 2 1143� 3 +13� 0 11.0� 0.4 N.A.

L. BistrupBrae97 391� 19 361� 22 -19� 10 11.1� 0.4 N.A.

L. BistrupBrae99 452� 10 773� 16 +16� 1 11.0� 0.4 N.A.
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Table2. Equilibriumline altitude(ELA): P = publishedestimate;ERS= estimatefrom ERSdata;

M = estimatefrom degreedaymodel;DDF = Degree-dayfactorfor ice/now (mm/	 C/d) usedin

themodel.Sources:
�

Nobles[1960];
�

Weidick [1995];
�

Koch [1928]; ! Bøggild etal. [1994].

Glacier ELA P ELA ERS ELA M DDF

HaraldMolkeBr. 900
�

700 720 9.8/3.0

Heilprin/Leidy/MarieGl. 900
�

900 803 9.8/3.0

Tracy Gl. 900
�

900 948 9.8/3.0

HumboldtGl. 600-800
�

700 733 6.9/2.1

PetermannGl. 800-900
�#" �

800 747 9.8/3.0

Ryder/SteensbyGl. 800
�

800 768 9.8/3.0

C.H. OstenfeldGl. N.A. 800 710 9.8/3.0

AcademyGl. 900-1000
�

800 954 9.8/3.0

HagenBrae N.A. 800 954 9.8/3.0

Nioghalvfjerdsbrae N.A. 800 937 4.9/1.5

ZachariaeIsstrøm N.A. 800 1002 4.9/1.5

Storstrømmen 1100! 1100 1170 9.8/3.0

L. BistrupBr. N.A. 1000 1086 9.8/3.0
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Table3. Massbalanceat theISRflux gate.V = centervelocity (m a� � ); T = centerthickness(m);

IF = ISR flux (km
�

ice a� � ); AA = drainageareaabove ISR flux gate(km
�
); AC, AB, BF, MB =

accumulation,ablation,balanceflux, andmassbalance,respectively (km
�

ice a� � ). The last row

showsthetotal for eachcolumn.

Glacier V T IF AA AC AB BF MB

Heilprin Gl. 548 1036 2.19 7083 1.71 0.05 1.66 -0.53

Tracy Gl. 516 1213 1.43 2969 0.68 0.13 0.55 -0.88

HumboldtGl. 350 500 6.25 44214 8.56 2.42 6.14 -0.11

PetermannGl. 553 1050 12.82 68573 12.41 0.19 12.21 -0.61

RyderGl. 270 1100 3.88 27836 4.75 0.06 4.69 +0.81

OstenfeldGl. 153 800 2.32 8573 1.50 0.00 1.50 -0.82

AcademyGl. 150 1200 0.69 9561 1.39 0.01 1.38 +0.69

HagenBr. 130 1100 1.03 10057 1.52 0.01 1.50 +0.47

Nioghalvfjerdsbrae 1250 700 14.27 96093 12.54 1.12 11.41 -2.86

ZachariaeIs. 500 800 11.65 92095 13.12 1.51 11.61 -0.04

Storstrømmen 230 1040 5.80 51465 7.80 0.03 7.77 +1.97

62.3 418519 66.0 5.5 60.4 -1.9
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Table 4. Massbalanceat the groundingline (GL). V = centervelocity (km a� � ); T = center

thickness(m); GF = groundingline flux (km
�

ice a� � ); CF = calving flux (km
�

ice a� � ); AA

= accumulationareaabove groundingline (km
�
); AC, AB, BF, MB = accumulation,ablation,

balanceflux andmassbalance,respectively (km
�

ice a� � ). Sources:� Higgins, [1991]; $ Reehet

al. [1994]

Glacier V T GF CF AA AC AB BF MB

PetermannGl. 1160 630 11.67 0.59* 69706 12.71 1.82 10.89 -0.78

SteensbyGl. 270 460 0.51 0.26 3040 0.73 0.16 0.57 +0.06

RyderGl. 540 620 2.29 0.66* 28707 4.95 0.91 4.04 +1.75

C.H. OstenfeldGl. 810 600 2.27 0.54* 9481 1.67 0.34 1.33 -0.94

HagenBr. 61 200 0.07 0.36* 10629 1.61 0.57 1.04 +0.97

Nioghalvfjerdsbrae 1300 650 14.19 0.90 96309 12.56 1.42 11.14 -3.05

ZachariaeIs. 1100 550 10.81 1.10 92680 13.19 2.34 10.85 +0.04

Storstrømmen 15 530 0.03 0.90$ 54605 8.37 7.09 1.28 +1.25

41.8 5.37 365157 55.7 14.7 41.1 -0.7
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Table5. Steady-statebasalmeltingratesof thefloatingglaciertonguesin northernGreenland(m

ice a� � ). Positive valuesindicatemelt. NB = Ice-shelfnetmassbalance(m ice a� � ) betweenGL

andicefront,equalto CFminusGFin Table4 dividedby theice-shelfareaindicatedin parenthesis

(km
�
); AB = Ablationplusaccumulation(km

�
icea� � ); BM = Averagebasalmelt rate(m icea� � );

NB �&% = Ice-shelfnet massbalancebetweenGL andflux gatelocated10 km downstream,with

ice-shelfareaindicatedin parenthesis;AB �&% = Ablation plus accumulation;BM �&% = basalmelt

ratefor first 10-kmof floatingice.

Glacier NB AB BM NB �&% AB �&% BM �&%

PetermannGletscher -8.4(1304) -2.2 6 -24.0(263) -2.2 22

SteensbyGletscher -7.1(36) -1.2 6 N.A. N.A. N.A.

RyderGletscher -10.0(245) -1.6 8 -26.4(101) -1.5 25

C.H.OstenfeldGl. -12.6(137) -1.1 11 -26.9( 49) -1.1 26

Nioghalvfjerdsbrae -6.5(1874) -1.3 5 -27.7(318) -1.3 26

ZachariaeIsstrøm -10.0(1065) -1.5 8 -27.1(170) -1.5 25
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Table6. Groundingline migration.1992= latitude/longitude(deg) of 1992GL crossingwith ISR;

1996= latitude/longitudeof 1996GL crossingwith ISR; ')( = horizontalmigrationbetween1992

and1996(m), negativemeansretreat;* = surfaceslope(percent),positiveupwards;+ = bedslope

(percent),positiveupwards; '-, = ice thinningrate(m a� � ) between1992and1996deducedfrom

retreatrate; '/. = ice thinningrate(m a� � ) obtainedwith ATM between1994and1999.Sources:
�

Rignot[1998a];
�

Rignotetal. [2000].

Glacier 1992 1996 ')( * + '/, '/.

HumboldtGletscher 79.683/-64.43 79.682/-64.39 -780 -1.1 +1.0 -1.7 -1.0� 0.5

PetermannGletscher
�

80.562/-59.89 80.559/-59.88 -450 -1.0 -1.0 -1.3 N.A.

SteensbyGletscher 81.470/-54.41 81.469/-54.44 +105 -0.8 -0.7 +0.2 N.A.

RyderGletscher 81.619/-50.48 81.581/-50.44 -4200 -0.5 +1.0 -4.0 -1.0� 0.6

OstenfeldGletscher 81.600/-45.29 81.595/-45.27 -500 -1.0 N.A. -1.2 N.A.

HagenBrae 81.439/-27.45 81.437/-27.47 -390 -2.2 +5.6 -1.6 -2.5� 1.5

NioghalvfjerdsbraeE
�

79.274/-22.37 79.270/-22.38 -450 -0.9 -3.2 -1.5 N.A.

NioghalvfjerdsbraeC
�

79.361/-22.46 79.357/-22.49 -650 -1.2 +0.7 -1.7 N.A.

ZachariaeIsstrøm N.A. 78.910/-20.61 N.A. N.A. N.A. N.A. -0.3� 0.3

Storstrømmen99S 76.730/-22.72 76.724/-22.72 +658 -0.4 +0.4 +0.6 -2� 0.5

Storstrømmen97N 76.760/-22.61 76.773/-22.60 -1395 -0.1 +0.6 0.0 N.A.

L. BistrupBrae99W 76.679/-22.74 76.651/-22.82 +3708 +0.5 -0.5 +4.0 +0.5� 1

L. BistrupBrae97E 76.666/-22.68 76.639/-22.69 +3092 -1.0 +0.7 +7.0 N.A.
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