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Abstract. Interferometricsynthetic-apertureadar(InSAR) datafrom the ERS-1andERS-2
satellitesareusedto measurdhe surfacevelocity, topographyandgrounding-linepositionof the
major outlet glaciersin the northernsectorof the Greenlandce Sheet. The massoutputof the
glaciersat and above the groundingline is determinedand comparedwith the massinput. We
find thatthe grounding-lineoutputis approximatelyin balancewith theinput, exceptfor thethree
largestglaciersfor which the masslossis 44-3 km? ice a™! or 114-8 percentof the massinput.
Along thecoastwe detecta systematicetreatof thegroundinginesbetweerll992and1996with
INSAR, which implies that the outlet glaciersare thinning. The inferred coastalthinningis too
large to be explainedby a few warm summers.Glacierthinning mustbe of dynamicorigin, i.e.

causedy spatialandtemporalchangesn ice velocity.

Icebeg productionfrom the glaciersis uncharacteristicalljow. It accountdor only 8 percentof
theice dischageto theocean About 55 percentof theiceis lostthroughbasalmelting (5-8 mice
a ! on average)from the undersideof the floating glaciertonguesthatarein contactwith warm

oceanwaters. Masslossesare highestin the first 10 km of floating ice, whereice reacheghe



greatestiepthsandbasalmeltingis threetimeslarger thanon average.Only a smallincreasen

basalmeltingwould suffice to desintgratethefloatingglaciertongues.

1 Intr oduction

Earlyin thiscenturythefirstobsenationsof northernGreenlandlaciersveremadeusingwatches,
sextant, sketchmapsandphotographyKoch, 1928]. Theseobsenationsrevealedthe presencef
large sectorsof floating ice, consolidatedy the presencef nearlypermanentjord ice. Aerial
photographyandfield studiesfrom the 1950sshoved thatthe glacierfronts wereslowly retreat-
ing andthinning, especiallyin the caseof tide-waterglaciers[Daviesand Krinsley, 1962]. Little

informationwasavailable,however, ontheratesof glacierthinning.

More recently Higgins[1988,1991] reportedestimate®f ice-frontvelocity andcalf-ice produc-
tion for northernGreenland.Reeh[1985] found thatice producedby calvingwaslow compared
with thatestimatedor anice sheetin massbalance.This suggestshatlarge uncertaintiesemain
in thedeterminatiorof themasshudgetof the northernsectorof theice sheetwhichrepresent25

percenbf theice-coveredareain Greenland.

Here,we present studyof northernGreenlandjlaciersconductedisingspacebornaterferomet-
ric synthetic-apertureadar(InSAR) datacollectedbetweerl992and1996by the EuropearSpace
Ageng/’s (ESA) EarthRemoteSensingSatellitesERS-1andERS-2. The INSAR datawereused
to mapthedetailedtopographyandvectorflow of theice sheefJoughinetal., 1998;Mohr etal.,
1998],anddetectthetidally-inducedverticalmotionof floatingice [Rignot,1996] over large sec-
tors(severalhundredkm). ThelInSARresultswerecombinedvith AirborneTopographidviapping
(ATM) surfaceelevation data[Krabill etal., 1999],ice-soundingadardata(ISR) [Chuahet al.,
1996], a new digital elevationmodel(DEM) of GreenlandEkholm,1996; Bamberet al., 2001],

anda new mapof snav accumulatiorfBaleset al., 2000]. This allowedto obtaina moreprecise



estimateof themassalanceof thenorthernsectorof the Greenlandce Sheetandto detectcoastal
thinning/thicleningtrendsof theglaciersvia themonitoringof theirgrounding-lingpositiong Rig-
not, 19984. The papersummarize®ur study andincludesnew ISR andATM datacollectedin
1999,the analysisof additionalglaciers,the detectionof grounding-linemigrationon all floating
ice tonguesandvectormapsof ice velocity, thatwerenot includedin [Rignot,1996; Rignotet
al., 1997aandb; Rignotet al., 2000]. We concludeon the probablestateof massbalanceof the

northernsectorof the Greenlandce Sheetandon theimplicationsof the INSAR results.

2 Studyarea

Figure 1 shovs a compositeSAR image mosaicof the outlet glaciersconsideredn this study

Becauseur primarygoalis to determinethe massbalanceof the northernsectorof theice sheet
asawhole, we only studiedthe ice dischage from the largestoutlet glaciers. Glaciersdraining
from localice capsin Ingelfield, Nyboe,PearyandKronprinsChristianLand,andalpineglaciers
drainingfrom NanserandPearyLand[Weididk, 1995]werenotincluded.The studyareais about
500,000km? in size. It extendsfrom HaraldMoltke Glacier(76.5N, 68 W) nearThule Air Base,
to Storstremmesletsche(76.5N, 23 W) in theeast.Mostoutletglaciersin thatsectordevelopa

floatingglaciertongue.Few floatingglaciertonguesexist on theeastcoastsouthof Storstrammen.

3 Methods

3.1 Interfer ometry products

The theory of producingSAR interferogramsof glaciatedterrain hasbeendescribecdelsavhere
[Rignotet al., 1995; Joughinet al., 1995; Rignot, 1996; Joughinet al., 1996,1998 and 1999;

Mohr et al., 1998]andwill not be repeatechere. We will only summarizehe salientfeaturesof



our methodology

Thefirst INSAR obsenationsof northernGreenlandverecollectedin thewinter of 1992by ERS-
1, thenon athree-dayexact-repeabrbit cycle. A largervolumeof datawasacquiredn thewinter
of 1995-1996by ERS-1andERS-2flying in tandemmode:i.e.,ERS-2following ERS-1alongthe

sameorbit with a one-daytime difference AlImost no tandemdatawereacquiredafter 1996.

Double-diferenceSAR interferogramsvere usedto generatd¢opographionapsof the ice sheet
with averticalprecisionno betterthan+ 20 m. Thesemapshelpedcorrectsingle-diferenceSAR
interferogramsor theeffectof topographyto estimateace velocity. Onfloatingglacierice, satellite
radaraltimetryprovidesbettertopographianapsbecausénSARis contaminatedby oceanidides.
For this reasonwe usedthe GreenlandEM to correctsingle-diferenceSAR interferogramgor
topographyon floating ice andalsoto infer ice-shelfthicknessfrom ice-shelfsurfaceelevation.
Bamberetal. [2001] derivedtheir DEM by combiningradaraltimetrywith GPSsurneys, airborne

lasermeasurementgndaerialphotography

We combinedsingle-diferenceSAR interferogramscollectedalong ascendingand descending
tracksto producevector mapsof ice motion, exceptwhereno ascendingrackswere collected
(from HaraldMoltke to HumboldtGletscher). We assumedhatice flows parallelto theice sheet
surface,whichis areasonablapproximatiorfor polarglaciers.On floatingice, tidal motionwas
removedusingthemethoddescribedn Rignotetal., [2000], whichemplgystidal predictionsrom
the FES95.2tidal model[Le Provostet al., 1998] combinedwith a quadruple-diierenceSAR
interferogram.Comparison®f INSAR-derved motionvectorswith GPSdatain variousareasof
groundedce [Rignotetal., 1995; Mohr et al., 1998; Joughinet al., 1999] suggesthat, in most
favorableconditions,ice velocity is measuredvith a precisionof 2-5m a~!. An examplevector

mapof ice velocity is shavnin Fig. 2.

Rignot[1998a]shavedthatgrounding-lingpositionscanbemappedvith INSAR with ahorizontal



precisionof 20-50m, which is oneto two ordersof magnitudebetterthanthatin prior studies
[Rignot, 1998b].Grounding-linepositions however, migratebackandforth with oceartide, over
aroughbed. This limits the precisionof mean-sea-ieel grounding-linemappingto 100-200m
(assuming+1 m oceanictide and one percentthicknessslope), unlessmultiple interferograms
areanalyzed.Usingthis approachye detectedyrounding-linemigrationbetweenl992and 1996
andcorvertedtheresultsinto thinning/thicleningratesusingsurfaceslopemeasuredhy ATM and

thicknessslopemeasuredby ISR.

3.2 Icethickness

We usedbothmeasure@dndestimatedce thicknesgo computetheice flux. The measuredhick-
nessesvere usedprimarily to computemassflux usinga trans\erselSR profile upstreanof the
groundingline. Thesedatawerecollectedwith a 150-MHz coherentadar operatecbn anaircraft
equippedwith GPSrecevers. The uncertaintyin ice thicknessis 10 m [Rignotet al., 1997b].
Only a few ice thicknessmeasurementsere madeacrosshe glacierat groundinglines because
of theinherentdifficultiesof flying the aircraftacrossdeepfjords, andprocessingadarechoesn
the proximity of steeprock andice faces. We estimatedhe grounding-linethicknessfrom ice-
shelfelevationfrom DEM or ATM data,assuminghydrostaticequilibriumof theice. We useda

multiplicative factorof 9.115to corvertgrounding-lineelevationto ice thickness.

In Tablel1, we compareheresultswith ISR at the point of crossingwith the groundingline. The
averageerroris 84+13 percentof the actualthickness.Large deviations(~ 30 percent)exist on
a few glaciers(HagenBrae and Storstrammen)which are not in equilibrium becausehey are
suige-typeglaciers.An ad-hoccorrection(i.e.,anabsolutebiasanda new multiplicative factor)is
appliedonthe DEM to reducetheuncertaintyin dervedthickness.The precisionof the corrected

thicknesgs estimatedo beabout20to 50 m (lastcolumnof Tablel, andFig. 3).



3.3 Icefluxes

We calculatedthe ice flux both at the groundingline and upstreanof the groundingline when
trans\erselSR datawereavailable. We computedheflux at two locationsto increaseconfidence
in the estimatesf grounding-linedischage andto estimatethe glacier massbalanceat higher

elevation,whereice dynamicsandablationeffectsarepresumablyesssignificant.

We calculatedce-frontfluxesfor a few glaciers,andalsocompiledpublisheddataon few others.
Thedifferencean iceflux betweerthegroundingdine andtheicefront, dividedby theice-shelfarea
in betweenyields an estimateof the netbalanceof floatingice (Table5). Comparingthe result
with accumulatiorminussurfaceablationon thefloatingice tongue we deducedinaveragebasal
melting rateundersteadystateconditions.Similarly, we calculatedhe averagebasalmeltingrate
for thefirst L0 km of floatingice (Table5), wherebasaimeltingis higher If thefloatingicetongues
arenotin steadystateandarefor instancethinning1-2 m a~!, conserationof massdictatesthat

basalmeltingshouldactuallyexceedthe steady-stateateslistedin Table5 by the sameamount.

For atypical grounding-linethicknessof 600m with anuncertaintyof 30 m, anda grounding-line
velocity of 1000m a~! with an uncertaintyof 4 m a!, the errorin massflux is 5 percentand
theerrorin steady-statbasalmeltingis 12 perceni(10 percentuncertaintyfor surfacemeltonice

shehes).

3.4 Glacier topography

The ATM laserinstrumenion theaircraftflying at 500 m above theice surfacescansover a 50-m
swath, centerecat aboutthe nadir point on the ice surface. ATM surfaceelevationsarereported
to have a heightmeasuremenincertaintyof about10 cm [Krabill etal. 1999]. We usedthese

datato identify hydrostaticequilibriumof theice (Tablel andFig. 3 and4) in the proximity of the



INSAR-dernved groundinglines. A few outletglacierswerealsosureyed repeatediyto measure

elevationchangedbetweenl994and1999.

We utilized the GreenlandDEM to delineatedrainagebasingrom theendpointsof theflux gates,
following the line of steepesslope. We matchedthe end points of the groundingline and ISR
flux gatesalongflow linesto consere massbetweerflux gates.Radaraltimetersdo not measure
surfaceslopewell nearthe ice sheetmamin, i.e. right abore the groundingline. Becauseof
this, we usedclearly-definedlow-line featuresvisible in the SAR imageryto initiate thedrainage
boundariesitlow elevation. Thisproceduraevasextendedo high elevationuntil theline of steepest
slopederied from the DEM was found to be well alignedwith flow-line featuresin the SAR

imagery

3.5 Massaccumulation

Annual precipitationis low in northernGreenlandx 100-300mm water equivalentin the hu-
mid coastalreasandlessthan100mm in theinterior [Weidick, 1995]). The 1993-1994German
expeditionin eastGreenlandFriedmanetal., 1995]revealedthatOhmuia andRee1991] over-
estimatedaccumulationn thenorth. Thiswasconfirmedwith recentice coreg[Balesetal., 2000].
In the caseof the combineddrainagebasinfrom the six largestnorthernglaciers,the nev accu-
mulationnumbersare11 percenfowerthanthoseemployedin [Rignotetal., 1997a],whichwere
basedbn Ohmura andReen1991]. In Rignotetal. [2000], we employeda preliminaryversionof
thenew accumulatiormapthatis about4 percentargerthanthatin this study We estimatehatan
accumulatioruncertaintyof 5 percentis a reasonabl@assumptiorfor the entiredomainof study

but the uncertaintymaybelargerthan10 percentover smallareas.



3.6 Massablation

Few studiesof massablationhave beenconductedn thenorth ([Nobles 1960;Goldthwait 1971]
at”"Red Rock” nearThule Air Base;[Hay, 1970]in ChristianErichsenlskappen PearyLand(lat
77 N, long 25° W); [Lister, 1958]on BritanniaGlacier in DronneLouiseLand(lat 77° N, long
24-23 W); [Konzelmanrand Braithwaite 1995]in KronprinsChristianLand (KPCL) (lat 80 N,
long 24 W); [Braithwaiteet al., 1998]in HansTauseniskappe(HTI) (lat 83 N, long 36 W), and
[Beggild et al., 1994] on Storstrammertlat 77 N, long 23 W)]). Theresultssuggestarge inter-
glaciervariability in radiationbudget: the degree-dayfactorfor ice at KPCL is 9.8+0.9 versus

5.9+0.6atHTI.

In a prior assessmertf ice sheetmassbalancewe usedReebhs [1991] degree-daymodelwith a
degree-dayfactorof 9.8-mm/dg/dayfor ice [Braithwaite 1992] and 3.0 mm/dey/dayfor snow.
Thesevaluesare higherthanthosederived for westernGreenland Braithwaite 1995,1996] be-

causecloudcoveris reducedn northernGreenlandvanderWall, 1996].

In Table2, we adjustedhedegree-dayfactorfor eachglacierto reproduceeithera publishedvalue
of the glacierequilibrium line altitude (ELA), or its presumedocationbasedon ERSimagery
Thisis basedon a methoddiscussedn Joughinetal. [1999] andRignotetal., [2000]. The ELA

depend®nthedegree-dayfactorfor snav, whichwe assumeo beequalto 40 percenthedegree-
day factorfor ice, following Braithwaite[1996]. Changingthe degree-dayfactorfor snov from

0.3 (highvalue)to 0.18(low value)decreasethe ELA by about200m. TheELAs in Table2 are
not known with a precisionbetterthan100m vertical (10 km horizontal). This level of precision,

however, is suflicientto reducethe uncertaintyin surfacemeltto anacceptabldevel.

Most glaciersfit the higherdegree-dayfactor exceptthree. In the caseof Nioghalvfjerdsbrae,

we calculatea netablationof 2.8km? ice a—! for the floating tongueusingthe lower degree-day



factor comparedo 3.0 km? ice a! estimatedby Reehet al. [1999] using unpublishedn-situ
measurementsOur newv estimatesf surface ablationshouldthereforehave an uncertaintyof
aboutl0 percentfor theentirestudyarea.Largererrors(20to 30 percentjarenot be excludedon
smallareas While this uncertaintyis large, it hasa limited impacton the massbalancesstimates.
In Table 3, ablationaccountdor 10 percentof the massbudget,henceyields only a 1-percent
uncertaintyin massbalance.In Table4, ablationis 28 perceniof the massbudgetandcontritutes
a 3-percenuncertainty By measuringce fluxesat andupstreanof the groundingline, we avoid

dealingwith the bulk of surfaceablationthatprevails atlower elevation.

Overall, thebalancelux for eachglacieris notknown with a precisionbetterthan10 percentput
thebalancdlux for theentiresectorof studyshouldbereliableatthe 6-percentevel (5 percenfor
accumulation3 percenffor ablation). The massbhalanceestimateshouldthereforebe accurateat

the8-percentevel.

4 Resultsof the glacier survey

Here,we describethe massbalancegrounding-linemigrationandbasalmelting resultsobtained
from eachglacier startingfrom thewestandmoving towardthe east.For someglaciers noresults
areincludedin Tables3-6, for reasonslescribedelow, but we discussnew informationrelevant

to their stateof masshalance.

4.1 Harald Moltk e,Heilprin and Tracy glaciers.

The 1996 ERS datashowv no floating sectionfor thesethreeglaciers. This is consistentith the
obsenrationsof Koch [1928]in the caseof HaraldMoltke, but it is contraryto DavisandKrinsley

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



10
retreatedconsiderablysincethe 1950s.

HaraldMoltke is a suige-typeglacier[Modk, 1966]. It drainsfrom localice domesnot from the
inlandice aspresumedn the past. Hence,it is notincludedin Tables3-6. At theice front, it is
5-kmwide, 400-mthick andflows at 90 m a~. Thisyieldsa massflux whichis 25 percenfower
thanthebalancdlux atthatlocation.At the ISR flux gatelocated30 km upstreamice dischageis
26 percentargerthanthebalancdlux. Thisbalanceatternsuggestshatice accumulatebetween

thefront andthe ISR gate,perhapsn preludeto thenext suige.

Kollmeyer[1980]documentea largeretreatfor Heilprin andTracy glacierswith Tracy Gletscher
retreatingthe most (7 km between1892and 1959). Theice dischage in Table 3 is lower than
that estimatedoy Weididk, [1995], perhapsecausehe glaciersslowed down in recenttimes. It

is significantlylarger (33 percentthanthe balancedischage,however, which suggestsignificant

thinningin this sectorof theice sheet.

4.2 Humboldt Gletscher

This glacieris 110-kmwide at the calvingfront, with alow rateof movement.ERSdataconfirm
earlierobsenations[Kollmeyer, 1980]thatmostof the glacierfront is groundedgxceptfor afew
placeghatfloatat hightide in the southerrsector The northernsectorflows fasteranddevelopsa
permanentloatingsection(Fig. 4a). Theglacieris closeto a stateof masshalanceatthe ISR flux
gate(Table3). A division of the glacierdrainagento a northernand southernsectorshowever,
revealsthatthe northernsectorexhibits amorenegatve massalancehanthe southerrsector(not
shavnin Table3). Thisresultis consistentvith ATM measuremenishichshav morepronounced

thinningin thenorththanin the south[Abdalatietal, 2001].

Thegroundingline retreatedL km betweenl992and1996,whichimpliesathinningof 1.7 mice
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a ! (Table6). The ATM measurementsollected20 km furthernorthrevealeda 1+£0.5micea !
thinningrate,which is consistentvith our estimate.HumboldtGletscheiis thereforethinningin

thenorth,whereice flows fast,andcloserto equilibriumin the south,whereice movesslowly.

4.3 PetermannGletscher

PetermanrGletschelis a fast-maing glacierthatdevelopsa 20-kmwide by 70-kmlong floating
tongue. We improved our earlier estimatesof its grounding-lineflux by using a vector map of
ice velocity (Fig. 2) and a correctedDEM (Table 1). The new estimateis in agreementvith
that computedusing a trans\erselSR profile collectedin May 1999, a few km upstreanof the
groundindine (Fig. 4b). Theglaciermassalancas -7 percenpf thebalancdlux atthegrounding

line (Table4), and-5 percentatthe ISR flux gate(Table3).

The groundingline retreated450+100 m between1992and 1996 at the crossingpoint with the
1995ISR data,which impliesathinningrateof 1.3mice a ! (Table6). The averageretreatrate

acrosgheglacierwidth is 270m, whichimplies0.8 mice a~! thinning.

The line of first hydrostaticequilibrium of the ice is found 1.5 km downstreamof the INSAR-
derivedgroundindine. Similaroffsetsarefoundfor otherglaciers.In 1999 thelimit of hydrostatic
equilibriummigratedsouthof its 1996 position(Fig. 4b), which suggestshatthe groundingline

continuedts slow retreat.

Thecalf-iceproductionfrom this glacieris 20 timeslower thanits groundingline dischage (Table
4). The netbalanceof the floating ice tongueis -8.4 m ice a—! (Table5), of which -2.2 m ice
a ! is dueto surfacerunoff plusaccumulationandtherestis dueto basalmelting[Rignot 1996].
Overall, 70 percenof theiceis lostfrom bottommelting,25 percenfrom surfacemelting,andthe

restfrom calving(icebegs). Thisdivisionof processliffersmarkedly from thatof glacierdocated
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furthersouth,whereice dischageis evenly partitionedbetweersurfacemeltingandcalving[Reeh

etal., 1999].

4.4 Newhugt glacier, SteensbyGletscher

The2-km-wideNewbugt glacierflows betweerHall andNyeboelLand[Higgins 1991],with min-
imal ice dischage. We foundno floatingsectionin 1996whereadiggins[1991] reportedthatthe
frontal 1 km wasafloat. Theice velocity decreaseffom 35-45ma ! in the 19709 Higgins 1991]

to 19-20m a! in 1996.Theglacieris likely in a stateof retreat.

The4.5-km-wideSteensbyGletschethasa massbudgetcloseto zero(Table4). Its 1996velocity
is similar to that measuredy Higgins[1991]in the 1970s. Its groundingline adwancedslightly
(Fig. 4c),whichimpliesaslightthickeningof theglacier(Table6). Theaveragebasalmeltingrate

of its floatingtongueis similarto thatestimatedn otherglaciers(Table5).

4.5 Ryder Gletscher

This 8-km-wideglacierdrainsinto SherardOsbornFjord. DaviesandKrinsley, [1962] reporteda
large retreatof the glacierprior to 1947, with furtherretreatby calving betweenl947and1958.
Theglacierexperienceda mini-suigein 1995,which morethantripledits ice velocity on October
26/271995[Joughinandothers, 1996]. By November8/9, the velocity returnecto normalvalues
obseredon SeptembeR1/22. Additional datasubsequentlyevealedthatthe glaciervelocity was

still normalon Oct. 10/11,1995. The mini-suige of 1995,thereforeJastedabout3.7 weeks.

Two successie, large, trans\erseridgesrevealedby the ISR data(oneridge is shavn in Fig. 3c
at -3 km, anotherin Joughinet al., [1999]) obstructthe glacierflow into the fjord. This unusual

bed configurationprobably plays a major role in the pondingof basalmelt water upstreamof
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the groundingline, which wassuggestedo beresponsibldor the pulsing(suige) behaior of the

glacier

If the glacierwereto triple its velocity for four weeksevery year it would dischage 15 percent
moreice thanlistedin Table4. Thiswould reducets positve masshalancdrom 43 to 28 percent.
The glacierwould needto suige for longertime periods(12 weeks)every yearto bein balance
with themasdgnputlistedin Table4. At thelSR flux gate theglacierbalanceeducedo 17 percent

(Table3).

The groundingline retreated4.2 km betweenl1992and 1996, which is the largestretreatin our

study area(Fig. 4d). The retreatimplies a thinning of 4 m ice a! (Table6). Most likely, the
glacierlost a large quantity of ice during the suige. At the location of the 1996 groundingline,

the ATM dataindicatesa 2-m thinning betweenl997and1999. In 1999,the line of hydrostatic
equilibriummigratedupstreanof its 1997position(Fig. 4d), which alsosuggestglacierthinning.
Onepossiblevayto reconcilethethickeningindicatedby theice fluxeswith thethinningindicated
by INSAR andATM is thatthe glacierdrainagebasinis overestimatedn the DEM (seenext sub-

section).

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

Thesgylaciersdraininto VictoriaFjord (Fig. 4e). OstenfeldGletscheis thelargestandmostactive
glacier Its 7-km-widedisconnectedloatingsegmentmovedat800m a~! in 1996,asin theearly
1960s,with a similar ice tongueconfigurationHigginsand Weidid, 1988]. BrikkerneGletscher
which flows from the north east,is a suige-typeglacier The 1996 velocity of its threebranches
is lower thanthat recordedin 1978, but comparabldo that recordedin 1963, prior to a suige.
HarderandBrikkerneGletschenourishfrom alocalice dome,notfrom theinlandice,andarenot

includedin Tables3-6.



14

The massbalanceof OstenfeldGletscheris largely negative: -71 percentat the groundingline
(Table4) and-50 percentat the ISR flux gate(Table3). Its drainagebasinis boundby a dometo
thenorth,andRyderGletscheto the south.If thedivide betweerRyderandOstenfeldglaciersis
correct,OstenfeldGletschemustexperiencemassve thinningat presentMostlik ely, someof the
flow attributedto OstenfeldGletschebelongsto RyderGletscher The combinedmassbudgetof

thetwo glaciersis closeto balancen Table4.

Thegroundingdine of OstenfeldGletscheretreated00+-300m betweern992and1996(Fig. 4e),
whichimplies5 micea™! thinning. Thisresultconfirmstheprobablestateof retreatof thisglacieg

independenof its massnput.

4.7 Jungersen,Henson,Marie Sophie,Academyand Hagenglaciers

Theimportanceof JungersemndHensonglacierswasexaggeratedh earlierwork [Koch,, 1928].
Bothglaciersexhibit floatingsectionsyith minimaldischage. Thedrainageasinsarenotdefined

clearlyin this sectorof theice sheet.

Marie Sophieand Academyglaciersdischage into Independencg&jord andexhibited no floating
sectionin 1996. Marie SophieGletschereducedits velocity by half sincethe 1970s[Higgins,

1991],while the 8.5-km-wideAcademyGletschemaintaineda velocity of 270m a~!. Themass
budgetof AcademyGletscheiis largely positive, which is not consistentith the stateof retreat
reportedoy DaviesandKrinsley [1962]. Thedivide betweerAcademyGletschelandHagenBrae,
however, is uncertainsincethetwo glaciersmege at thelocationof the ISR profile, atabout1000

m elevation (Fig. 1).

HagenBraeis a 10-km-wideoutletglacierwhoseice frontis dammedoy two islands.Theglacier

overridesatrans\erseridge at the groundingline. The 1996ice front velocity of 94m a~! is con-
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siderablylower thanthe510-540m a ! reportedby Higgins, 1991],which suggestsnomalously
low glaciervelocityin 1996.The1996glaciervelocitydecreaseomthe ELA to nearzerovalues
at theice front, similar to the velocity profile of Storstrammena suige-typeglacierin the north

east[Reehet al., 1994]. As aresult,the glaciermassbudgetis largely positive at the grounding
line, andcloserto zeroat the ISR flux gate(Tables3-4). TheseobsenationssuggesthatHagen

Braeis a sumge-typeglacier which suigedin the1970s andis now in aquiescentnode.

Thegroundingline of HagenBraeretreatedt0O0Om between992and1996(Fig. 4f), which trans-
latesintoa1.6micea ! thinning,comparabléo thatmeasuredvith ATM (Table6). Becausehe

glacieris nearlystagnanatthe groundingline, it is probablythinningatits ablationrate.

4.8 Nioghalvfjerdsbrae and Zachariae Isstrgm.

This sectorof northernGreenlandvasdiscussedy [Thomseret al., 1997;Rignotet al., 1997a,
Joughinet al., 2001; Reehet al., 1999]. A majorretreatof the outlet glaciersmusthave taken
placein thefirst half of the centurysinceZachariadsstramandNioghalvfjerdsbra@isedto form
coalescenice tonguesinto anice shelffilling up NioghalvfjerdsfijorderfWeididk, 1995]. These

glaciersalsosene asoutletsfor the north-eastce streamanunusuaflow featurein Greenland.

The massbudgetof Nioghalvfijerdsbrads negatve (Tables3-4), whereasthe massbudget of
Zachariadsstrgmis closeto zero. The divide betweerNioghalvfjerdsbra@ndZachariadsstrgm
is difficult to definewith certaintyfor hundredf km upstreanof thegroundinglines. A morere-
liable indicationof the massbalanceof theseglaciersis thattheir combinedce dischage exceeds

thebalancdlux by 12 percent.They aretherefordik ely losingmassat present.

Thegroundingline of Nioghalvfjerdsbraeetreated00-600m at the glaciercenterbetweernl 992
and 1996 (Fig. 4g), which implies 1.6 m ice a~! thinning (Table 6). On the southernflank of
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Nioghalvfjerdsbraehydrostaticequilibrium migratedinlandin 1999comparedo 1996 (Fig. 49),
i.e. the groundingline probablycontinuedto retreatafter 1996. Similarly, on Zachariadsstrgm,
for whichno InSAR dataexist prior to 1996,theregion of hydrostatieequilibriummigratedinland

betweenl995and1999(Figs.3d and4h), which suggestglacierthinning.

4.9 Storstrammenand L. Bistrup Brae

Thevelocity of Storstrammemwasdeemedo beconsiderabldy Higgins[1991](1.8km a 1), but
theglacierwasfoundto bestagnanin the 19909 Mohr etal., 1998]. Storstremmers asuige-type

glacier Its currentlow level of ice dischageexplainsits largely positve massbudget(Tables3-4).

The groundingline of Storstrammerexhibits a mixture of retreatand adwvance(Fig. 4i). The
retreatingsectorhasavery low surfaceslope ,whichimpliesno thinning(Table6). Theadwancing
southerrsectorthickenedslightly betweerl992and1996. The ATM instrumenmeasurethinning
of 2micea! betweenl994and1999. Becausehe velocity is low, the glacieris likely thinning
atits ablationrate. Surfaceablationvariesstronglyfrom yearto year[Beggild etal., 1994],and
was unusuallyhigh in 1997, which wasa recordwarm yearin northernGreenlandK. Stefen,
pers.comm.1999).Thedifferencen retreatratebetweemATM andInSAR maythereforemerely
reflectinterannualchangesn surfacemelt. Onthe slow-moving L. Bistrup Brae,bothATM and

INSAR indicatethickeningatthe groundingline.

5 Discussion

Massbalance Theelevenglacierslistedin Table3 total a dischage of 62 km? ice a~! compared
to a balanceflux of 60 km? ice a™!, which meansthat the northernsectorof the Greenlandce

Sheeis approximatelyin balance The massbudgetis similarly closeto zeroatthegroundingline
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(Table4). Numerouglaciers however, exhibit positive or negative massbalanceanomaliesPosi-
tiveanomaliesreoftenassociate@ith documentedr suspecteduiging behaior. Somengyative
anomaliesesultfrom uncertaintiesn drainageboundariedetweemeighboringglaciers.If wein-
cludedmorerealisticestimate®f ice dischagefrom suge-typeglaciers positve anomaliesvould

bereducedput thetotal massbudgetwould not changesignificantly

Thethreelargestglaciers PetermanitletscherNioghalvfjerdsbra@andZachariadsstramcontrol
90 percentof theice dischagein this sector Their massbudgetis -104+-8 percentof the balance
dischage at the ISR flux gateand-11+8 percentat the groundingline. The massbudgetof the

largerglaciersis thereforenggative.

If we ignorethe massbudgetof the smallerand suge-typeglaciers,the northernsectorof the
ice sheetappeargo be loosingmassat a rate of about4+3 km? ice a!. This rate of massloss
contributes1/100th of millimeter global sealevel rise [Jacobset al., 1996], which is neggligible.
Similarly, it contributesnegligible ice sheetthinningif spreaduniformly over the entiredrainage
area. Yet, it could producemeterscaleglacierthinningif concentrateshearthe coast,e.g. over
a 50-kmwide region upstreanof the groundingline. The resultsof Krabill etal. [1999]indeed

suggeshgyligible massmbalanceof theice sheeinterior, but thinningnearthe coast.

Coastalthinning. Thedetectionof grounding-linemigrationwith INSAR revealsthatall glaciers
developingafloatingice tongueretreateetweerl992and1996,exceptslow-moving L. Bistrup
BraeandadwancingSteensbyGletscher Theretreatratevariesfrom severalhundredm a™! upto

1 km a!, andcorvertsinto thinningof 1 to 2 micea'.

Themagnitudeof ice thinninginferredfrom thegroundindine retreats largecomparedo surface
ablation(typically lessthanl micea! atthegroundingline [Thomseretal., 1997]). Theglacier
retreatis thereforeunlikely to be explainedby enhancedurface melt between1992 and 1996,

from eitherwarmerair temperaturesr alongermelt seasonGlacierthinning mustthereforealso
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be of dynamicorigin.

Glacierice maythin from enhancedongitudinalstretching,e.qg. if the glaciervelocity increases
over time andspace.In the caseof the threelargestglaciersdiscusseabove, anice thinning of
1.5micea! wouldresultfrom alongitudinalstretchingof theice by 0.0025a! if thegrounding-
line ice thicknessis 600 m. Over a distanceof one glacierwidth (20 km), this represents 50
m a ! increasen ice velocity, which is only 4 percentof the ice velocity at the groundingline.
Measuringsuchan accelerationpr possiblylower if enhancedurface melt also contritutesto
glacierthinning, shouldbe investigatedn thefuture. An increasan coastalelocity of the outlet
glacierscomparedo theinlandice would causecoastathinningandgrounding-lineretreatwhile

maintainingtheice sheetnterior closeto a stateof masshalance.

If thethinningratesinferredfrom INSAR hadprevailedover onecentury theice tonguef north-
ernGreenlandvould nothave survivedandwe shouldhave withessed majorretreatof theglacier
fronts. PetermanrGletscherfor one,did not experiencea major retreat,althoughearlierreports
suggeste@ muchroughersurfacefor its ice tonguethanat presen{Koch, 1928]. Retreaif float-
ing glaciertonguesand seaice hasbeenmore obvious in the north east[Weidick, 1995. One
possibility, giventhe historical evidencefor glacierfront retreat,is thatice thinning andglacial

retreatmusthave accelerateth thelastfew decades.

Basalmelting. Thestudyrevealsthemagnitudeandextentof basalmeltingonnorthernGreenland
floatingice tonguesBasalmeltratesunderneattthe RossandFilchnerRonneice shehesaverage
afew tensof cmice a! [Jacobset al., 1996]. In northernGreenlandthe averagemelt ratesare
tentimeslarger Not only is basalmeltinghigh, but it is alsothe dominantform of massablation.
Basalmelting averages5-8 mice a~! on the floatingtongues.In the proximity of the grounding
line, the ratesarethreetimeslarger (Table5). A highermelt rateis expectedin theseregions,

becauseheice draftreachegreaterdepthsandmeltingis facilitatedat greaterdepthsdueto the
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pressura@ependencef theice meltingpoint [Jenkinsand Doalke, 1991].

Nearthe groundingline, basalmeltingwill influenceice flow in threeways. If basalmeltingis
toolargeto maintaintheice in a stateof massbhalancesteepesurfacegradientswill be generated
at the groundingline, which will increasethe driving stress. Higher deviatoric stressgradients
acrosshe groundingline will alsocontrikbute to softeningof the ice [Huybredt,, 1990]. Finally,
thebuttressingloatingtongueswill offer lessresistancéo inland outflow asthey thin, which may
increasdce dischage. High basalmelting could thereforerapidly melt the floating tonguesand

perhapsausanorerapiddischage of inlandice.

Theinfluenceof basalmeltingonice sheetevolution hasonly beeninvestigatedor the Antarctic
ice sheetgenerallyfor modestevelsof basaimelting[Huybredht anddeWblde 1999]. Thevalues
of basalmelting recordedhere,in the proximity of groundinglines, aretwo to five timeslarger
thanthat in simulations. Also, thosesimulationsindicatedthat changingthe oceanconditions
underneatithe floatingtonguess a far moreefficientway to collapseice shehesthanincreasing
surfacemelt dueto warmerair temperaturesHere,a 10 percentincreasen bottommelting near
the groundingline would have drasticconsequencesn the sustainabilityof floatingice tongues:
thefloating sectorof PetermaniGletschemwould disappeain 30 years.In contrasta 10 percent
increasen surfacemelt, from warmeror longersummersjs unlikely to disintegratethe floating

tongues.

6 Conclusions

The adwentsof INSAR and othernew technologiehave permitteda major improvementin our
knowledgeof ice dynamicsand massbalanceof northernGreenlandylaciers. From thesedata,
we have establishedh modernestimateof the massbudgetof theseglaciers,which is closeto

balance,exceptin the caseof the larger glaciersfor which the massbudgetis negatve. The
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detectionof a systematiagrounding-lineretreatof the outlet glaciersprovides strongevidence
of their slow retreatand thinning along the coast,independenbdf their massinput and output.
Thethinning ratesinferredfrom the 1992-1996grounding-lineretreatarelarge. They cannotbe
explainedby afew warmeror longersummerswhich suggestshatice thinningis alsoof dynamic
origin. Coincidentallyevidencefor coastadynamicthinningis morepronouncedn otherpartsof

GreenlandThomasetal., 2000].

Numeroussumge-typeglaciersare presentin northernGreenland,despiteits dry, cold climate.
Thesgylacierscontritutelessthan10 percenbpf thetotalice dischage. Theresultingpositve mass
budgetanomalieshowever, emphasizehe importanceof gatheringinformationon ice dynamics
in orderto interprettheresultsfrom satelliteradarandlaseraltimeters Similarly, theinterpretation

of negatve anomaliesequiresnformationon temporalandspatialchangesn ice velocity.

INSAR hasalsoallowedasystemati@assessmeimtf basalmeltingonthenorthernfloatingtongues.
Theresultis thatthe inferred melt ratesexceedthoserecordedon large Antarcticice shehesby
oneorderof magnitudelt is neitherclearhow suchhigh basalmeltingratescanbe sustaineaver
time by the surroundingoceanwaters,nor how the floatingtonguescanor cannotsurvive in such
anernvironment.In-situ, timely obsenationsof oceanconditionsbeneaththefloatingtonguesare

neededo confirmandbetterunderstandhe remotesensingesults.
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Figurel. ERSSAR mosaicof northernGreenlandylaciers,onapolarstereographigrid (courtesy
NSIDC, complementedby datafrom this project). ISR linesusedto calculatefluxesareshavnin
red; groundinglines from 1996 are green;drainagebasinsare black; DEM contourlines (every
100m from 100m to 2000m andevery 200m thereafterjareblue. JG= Jungerse®sletscherHG
= HensonGletscherMSG = Marie SophieGletscherandLB = L. BistrupBrae.(©ESA 1996.

Figure2. Vectorvelocity mapof PetermanrGletscherderived from ERSINSAR ascendingand
descendingracks. The groundingline is shavn in white for 1996, and black for 1992. Flow
vectorsarered. Velocity contoursareblue. ISR linesaregreen. Vectorvelocity mapsfor Ryder
GletscherNioghalvfjerdsbraend Zachariadsstrgm,and Storstrammerare shovn, respectiely,

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

Figure3. Along-flow suriaceandbedelevationsof (a) PetermaniGletscheion May 10, 1999;(b)
Ryder Gletscheron May 23, 1999; (c) Nioghalvfjerdsbraen May 19, 1999; and (d) Zachariae
Isstrgmon May 19, 1999. Surfaceelevationsarefrom ATM (dottedline) andDEM (continuous
line). Thicknessesre from ISR (thin line), deducedfrom hydrostaticequilibrium from ATM
(thick, bold line) andcorrected-DEMelevations(continuoudine). Grounding-linepositionsare
marked with a diamondsymbol. The point of first hydrostaticequilibrium of the ice is at the

crossingof the ISR thicknesswith the ATM-derivedthicknesscomingfrom upstream.

Figure4. Grounding-linemigrationmeasuredvith INSAR between1992and19960on (a) Hum-
boldt Gletscher(b) PetermanrGletscher;(c) SteensbyGletscher(d) RyderGletscher;(e) C. H.
OstenfeldGletscheryf) HagenBrae;(g) Nioghalvfjerdsbrae(h) Zachariadsstram(no 19921In-
SAR); (i) StorstrammeiandL. BistrupBrae.Thelocationof thegroundingline is shovn in black
for 1992andwhite for 1996,andmarkedwith a pointingarrav. ISR linesareshawn in white for
1995,andblackfor 1999. Interceptsbetweengroundinglines andISR aremarked asdiamonds.

Thick, continuoudinesin (b, ¢, d, f, g, h, i) denoteportionsof the ISR track for whichiceisin
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hydrostaticequilibrium,in white for 1995andblackfor 1999. (b) includesa 1999trans\erselSR
line usedto estimatethe grounding-lineice flux; no ATM elevation was availablefor that flight

dueto cloudcover. All plotsareoverlayontheradarbrightnessf thescene(©ESA 1996.
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Tablel. Glacierthicknesgdm) atthegroundingline. S = south,C = center N = northsectorof the
groundingline. Hysg = ISR thicknessHpga = hpey X 9.115;hp s = DEM surfaceelevation;

h 4y = ATM surfaceelevation; Hp s = correctedhicknessrom DEM. * ice shelfwith elevation

anomaly
Glacier/ear Hisr Hpenv  hpem—aor Hisg/Haor I_{DEM
Petermani@l. 95 54442 654418 +5+1 9.7+1.1 554

Petermani&l. 99 550+£3 649+16 +5+2 9.5+1.3 549
RyderGl. 97 4066 480+6 +16+1 10.8+0.5 400
HagenBrae 99 17325 638+48 +48+2 8.86+1.0 193
Nioghalvfierdsbra®5S 639+2 619+3 +04+-0 10.3t1.0 683
Nioghalvfjerdsbra®9C 744t1 614+13 -12+0 10.3+:0.7 678
Zachariadsstram99N  564+2 648+28  +21+1 10.9+1.3 584
Zachariadsstrgm99S 527435 598+38  +14+1 10.9+1.3 525
StorstrammeR7 422+3 44142 +10+1 11.1+0.4 441
Storstramme®9 50742 1143t3  +13+0 11.0£04 N.A

L. BistrupBrae97 391+19 361+22 -19+10 11.14-0.4 N.A.

L. BistrupBrae99 452+10 77316 +16t1 11.0£0.4 N.A.
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Table2. Equilibriumline altitude(ELA): P = publishedestimate ERS= estimatdrom ERSdata;
M = estimatefrom degreeday model; DDF = Degree-dayfactorfor ice/nav (mm/FC/d) usedin

themodel.Sources?! Nobles[1960];2 Weididk [1995];3 Koch [1928];* Beggild etal. [1994].

Glacier ELAP ELAERS ELAM DDF
HaraldMolke Br. 900 700 720 9.8/3.0
Heilprin/Leidy/MarieGl. 900 900 803 9.8/3.0
Tragy Gl. 900 900 948 9.8/3.0
HumboldtGl. 600-800 700 733 6.9/2.1
PetermaniGl. 800-906+ 800 747  9.8/3.0
Ryder/SteensbyGl. 80C¢ 800 768 9.8/3.0
C.H. OstenfeldGl. N.A. 800 710 9.8/3.0
AcademyGl. 900-10006 800 954 9.8/3.0
HagenBrae N.A. 800 954 9.8/3.0
Nioghalvfjerdsbrae N.A. 800 937 4.9/1.5
Zachariadsstrgm N.A. 800 1002 4.9/1.5
Storstrgammen 1100 1100 1170 9.8/3.0
L. BistrupBr. N.A. 1000 1086 9.8/3.0




31

Table3. Massbalanceatthe ISR flux gate.V = centervelocity (m a™!); T = centerthicknesgm);
IF = ISR flux (km? ice a~'); AA = drainageareaabove ISR flux gate(km?); AC, AB, BF, MB =
accumulationablation,balanceflux, andmassbalance respectrely (km? ice a=t). Thelastrow

shavsthetotal for eachcolumn.

Glacier Vv T IF AA AC AB BF MB
Heilprin Gl. 548 1036 2.19 7083 1.71 0.05 1.66 -0.53
Tragy Gl. 516 1213 1.43 2969 0.68 0.13 0.55 -0.88
HumboldtGl. 350 500 6.25 44214 856 242 6.14 -0.11

PetermaniGl. 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 150 0.00 150 -0.82
AcademyGl. 150 1200 0.69 9561 1.39 0.01 1.38 +0.69

HagenBr. 130 1100 1.03 10057 1.52 0.01 150 +0.47

Nioghalvfjerdsbrae 1250 700 14.27 96093 1254 1.12 11.41 -2.86
Zachariads. 500 800 11.65 92095 13.12 1.51 11.61 -0.04

Storstrgmmen 230 1040 5.80 51465 7.80 0.03 7.77 +1.97

62.3 418519 66.0 55 604 -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 = accumulationablation,
balanceflux andmasshalancerespectiely (km? ice a!). Sources* Higgins [1991]; ™ Reehet

al. [1994]

Glacier \% T GF CF AA AC AB BF MB

Petermanitl. 1160 630 11.67 0.59* 69706 12.71 1.82 10.89 -0.78
SteenshbyGl. 270 460 051 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 0.34 133 -0.94
HagenBr. 61 200 0.0/ 0.36* 10629 1.61 0.57 1.04 +0.97
Nioghalvfierdsbrae 1300 650 14.19 0.90 96309 1256 1.42 11.14 -3.05
Zachariads. 1100 550 10.81 1.10 92680 13.19 2.34 10.85 +0.04

Storstrgmmen 15 530 0.03 090t 54605 8.37 7.09 1.28 +1.25

41.8 5.37 365157 55.7 147 411 -0.7
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Table5. Steady-statbasalmelting ratesof the floating glaciertonguesn northernGreenlandm

ice a!). Positive valuesindicatemelt. NB = Ice-shelfnetmassbalancem ice a!) betweenGL

andicefront, equalto CF minusGFin Table4 dividedby theice-shelfareaindicatedn parenthesis

(km?); AB = Ablation plusaccumulatiortkm?® icea™!); BM = Averagebasalmeltrate(micea™});

NB;, = Ice-shelfnet massbhalancebetweenGL andflux gatelocated10 km downstream with

ice-shelfareaindicatedin parenthesisAB,, = Ablation plus accumulationBM,, = basalmelt

ratefor first 10-kmof floatingice.

Glacier NB AB BM NB1g AB,;, BMy,
Petermaniletscher -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) -15 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
Zachariadsstrgm -10.0(1065) -1.5 8 -27.1(170) -15 25
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Table6. Groundingline migration.1992= latitude/longitud€deg) of 1992GL crossingwith ISR;

1996= latitude/longitudeof 1996GL crossingwith ISR; §z = horizontalmigrationbetween992

and1996(m), negative meangetreat;o = surfaceslope(percent)positive upwards;s = bedslope

(percent) positive upwards;éh = ice thinningrate(m a—!) between 992and1996deducedrom

retreatrate;ds = ice thinningrate(m a~!) obtainedwith ATM betweer1994and1999.Sources!

Rignot[1998a];? Rignotetal. [2000].

Glacier 1992 1996 ox « g oh ds
HumboldtGletscher 79.683/-64.43 79.682/-64.39 -780 -1.1 +1.0 -1.7 -1.0£0.5
PetermaniGletschet 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 +56 -1.6 -2.5t1.5
Nioghalvfierdsbra&? 79.274/-22.37 79.270/-22.38 -450 -0.9 -3.2 -15 N.A.
Nioghalvfierdsbra€? 79.361/-22.46 79.357/-22.49 -650 -1.2 +0.7 -1.7 N.A.
Zachariadsstram N.A. 78.910/-20.61 N.A. N.A. N.A. NA -0.3t03
Storstremme®9S  76.730/-22.72 76.724/-22.72 +658 -0.4 +0.4 +0.6 -2+0.5
Storstremme®7N  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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