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I ntroduction

TheWestAntarcticlce SheefWAIS) is theonly remainingmarineice sheefrom
the last glacial period. The bedis primarily belov sealevel and slopesdown
from the coastto theinterior. It hasbeenhypothesizedhatthe ice sheetmay be
susceptiblgo run-avay groundingline retreat{ Weertman 1974]leadingto rapid
disintegrationand sealevel rise. Werethe WAIS to completelymelt, the water
releasedks sufficientto raiseglobalseaevel by 5—-6meters.Thelik elihoodof such
ascenarioandtheice sheets sensitvity to climateforcing aretopicsof ongoing
researchlt is cleat however, thatclimateandice dynamicsinteractin comple
ways,with influencefrom the geologicboundaryconditionsandatmospherand
oceaniccirculationpatterns.The groundingline positionandnetbalancearekey
parametergor observingice sheetchanges. Thosedata, when combinedwith
accuratebasalervironmentinformation,arecritical for supportingmodel-drven
hypothesisoncerningheresponsef the WAIS to climate-changandsea-leel
changgHughes1975;Mercer, 1978].

Ice dischagesfrom the West Antarctic Ice Sheetto the sealargely by three
majordrainagesystemstheice streamf the Siple Coast(ice streamsA-E) that
flow into the Rosslce Shelf,theice streamghatflow into the FilchnerRonnelce
Shelf (Rutford Ice Stream,Carlsonice Stream Foundationice Stream),andthe
large ice streamghat flow directly into the AmundsenSea(Pinelsland Glaciet
ThwaitesGlacier; Figure 1 is a Radarsatmageof the region). Theice streams
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of the Siple coastandthe Rosslce Shelfhave beenstudiedby mary investigators
(mainly undertheumbrellaresearchnitiativessuchasRIGGS/RISP, SCP, and
WAIS?) as have the ice streamsflowing into the FilchnerRonnelce Shelf (un-
dertheumbrellainitiative FRISP*). Duein partto logisticaldifficulties, therehas
beenno coordinateceffort thusfar to understandhe dynamicsof ice flowing into
the AmundsenSeaEmbayment.We identify threeoverarchinggoalsfor coordi-
nated,multidisciplinaryresearcton the Pinelsland/Thwaitesdrainagesystemof
the AmundserSeaEmbaymentf WestAntarctica

1. Establishits massbalanceandhow it haschangedhroughtime andunder
standice dynamicsthatmaybeuniqueto this system.

2. Quantifyits boundaryconditionsin afashionsuitablefor 3D ice sheeimod-
elsandatmosphere/ocean/iceodels.

3. Determindits sensitvity to oceanographiandmeteorologicaforcing.

Overview

Much of theice in the northernmostirainagebasinof WAIS, the AmundsernSea
Embaymentflows throughPinelslandGlacier(PIG) and ThwaitesGlacier(TG).
Theflow mechanisnior theseglaciersis probablydifferentthanthatof the Ross
ice streamsandthe FilchnerRonneice streams.Thesetwo glaciersaccountfor
approximately5% of theice dischage of the entireAntarcticlce SheefVaughan
andBamber 1998]andthereis increasingevidencefor rapidandrecentchanges
in their flow behaior (Figure2 shows the drainagebasinsfor the glaciersof the
region; from Vaughanetal. [in press]).Thecatchment®f theseglaciersaredeep
(approachin@ km belowv sealevel in the Byrd Basin)andthey dischageto the
seain deepembayment®f relatively warm water suggestinghat they may be
particularlysensitve to oceanidnfluencegFigures3 and4 show the surfaceand
bedelevations,respectiely). The accumulatiorratesare someof the highestin
the continent(comparabldo thoseof the Antarctic Peninsulajuggestinghatthe
glacierswould be sensitve to changesn precipitation,stormtracks,andsea-ice
cover. Sedimentorescollectedontheoutercontinentakhelfshowv thatgrounded

'Rosslce ShelfGlaciologicaland GeophysicaSurwey; Rosslce Shelf Project, Thomaset al.
[1984]; Bentley [1984]

2Siple CoastProject,1983-1994seeSiple CoastSteeringCommitteg1988]

3WestAntarcticlce SheetProject,ongoing,seeWAIS Working Group [1995]

4FilchnerRonnelce ShelfProgrampngoing,seeFRISPReportSeries
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ice extendedto the continentalshelf breakin the AmundsenSeaduring the last
glacial maximum. The last deglaciationwasrecentandrapid [Kellogg and Kel-
logg, 1987]sincepostglaciasediment®ntheoutershelfaremuchthinnerin Pine
IslandBaythanontheoutershelfof theRossSeaShippetal. [(submitted].If sed-
imentationratesof 10 cm/aareassumedhe deglaciationcould have occurredas
recentlyasa few thousand/earsago.

Mass Balance and | ce Dynamics

ThePIG andTG catchmentgtogethemwith thesmaller slow-moving “ridge PIT”

betweenthem) cover approximately350,000km? and extend 600 km in from

the coast. Both PIG and TG areformedby a numberof smallertributariesthat
coalesc&r0-100kmfrom the coastinto well-definedice streams.Theflow speed
at the junction areais approximatelyl km/arising to 2 km/a at the grounding
line andrising still higherto 2.5 km/a[Luchitta et al., 1995] on the floating ice

shelf. Thedriving stresdn thetributariesis approximatelys0 kPa, rising to >100
kPa nearthe groundingline [Bentlgy, 1987],leadingVaughanet al. [in press]to

suggesthatthetributariesareakin to ice streamsandthe mainglacierakinto an
EastAntarcticoutletglaciet

Thesubglaciatopographyandcharactenf the AmundsernSeaEmbayments
poorly known. Traversedataandwidely spacedadarsoundingflight lines have
delineatedthe broadoutlinesof the basins,highlands,and subglacialridges of
WAIS [Drewry, 1983]. A more-recensurwey from Siple Stationshaved com-
plex subglacialcharacter(roughnessinternallayering,andtopography)alonga
line that crossedrom inland ice onto a tributary andthenonto the main part of
PIG[Vaugharetal., in press].Thetributaryappearso sitin awell-definedtrough
that extendsdown into the main trunk of PIG and hasa substantiallysmoother
bedthanthat of the inland ice. However, a large sill or shelf at the grounding
line forcesa large increasan driving stressasthe glacierapproacheshe coast.
Clearlythe geologyof this region playsanimportantrole in the configurationof
the PIG/TGtrunksandtributaries.

The massbalanceof the region is poorly known andthe few measurements
areat odds. The bestestimatefrom comparison®f accumulatioranddischage
suggestheregionis slightly out of balancg —2.4 4+ 4 Gt/aor asurfaceelevation
changeof -1.5-3cm/a)[seeVaughanetal., in press].Winghametal. [1998] mea-
suredthe surfaceelevationdirectly from ERS-1altimetry andsuggests surface
lowering of -11 cm/afor the time period 1992-1996or the TG basin. Bentley
and Giovinetto[1991] calculatedan overall positve massbalancefor Antarctica
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of 40-400Gt/a,but assumed positive budgetof 50 Gt/afor the PIG basin.Jenk-
ins et al. [1997] recalculatedheir overall massbalanceassuminghe PIG basin
wasin balanceandobtainedarangeof —10 to +230Gt/a. If in factthe PIG basin
hasa large neggative balanceg(assuggestedhy Winghamet al. [1998]), the overall
budgetfor Antarcticawould rangefurthernegative.

Ocean | nteractions

Jenkinset al. [1997] describeoceanographiconditionsfor PIT and TG thatare
distinctfrom thatof the Rossandthe FilchnerRonnelce Sheles.PIG dischages
into a400-500m deepbaywith a1 km deeptroughcarnedinto the seabedlong
its southernedge. The troughis filled with CircumpolarDeepWater (CDW) at
depthgreateithan800m, but theshalloverwatersareinfluencedoy glacialmelt-
water Thetemperatur@longtheice front is above the freezingpoint suggesting
thatall theavailableheathasnotbeenusedfor melting[Jenkinsetal., 1997]. The
seabedeneathheice shelfshoalsby 200 m betweerthe groundingline andthe
ice front [Crabtreeand Doake, 1982] andthe continentalshelfto the north and
westhasruggedtopographywith mary potentialpinningpointsfor amoreexten-
siveice shelfor amoreadwancedgroundingline. A decreasén CDW circulation
in the PIG bay would dramaticallyincreasehe ice shelfthicknessandleadit to
quickly ground.

In the Rossand Weddell Seas,CDW is excludedfrom the continentalshelf
by cold, salty, densewater beneaththe growing seaice. The differencein the
AmundsenSeaappeardo be the low surfacesalinity dueto high temperatures
and high precipitation,low sea-iceremoval, and (in a positive feedback)high
basalmelt ratesof the ice sheles. Jenkinset al. [1997] speculatehat the PIG
ice shelfconfigurationwould have beenthe norm during glacial periodsbecause
thefringing ice shehesof a much-epandedce sheetwould interactwith warm
CDW overalargerpartof theice sheets perimeter ThusthemodernPIGandTG
dischage fronts may be good analogsfor typical ice front conditionsduring the
glacial.

Climate I nteractions

The SouthPacificis aparticularlyimportantareafor datacollection,bothfor con-
strainingandinitiating any GCM intendedto produceaccurateresultsfor West
Antarctica.In addition,the high accumulatiorrateswill producehigh-resolution
paleoclimaterecordsthatwill addressjuestionof anthropogenichangein cli-
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mate. Most of the precipitationin West Antarctica crossesthe coastsof the
Bellingshauserand AmundsenSeas. A persisteniow-pressurecenteroff the
coastin the southeasPacific facilitatesinland moisturetransportand causesa
peakin ice accumulationalong the West Antarctic coastand at the interior di-
vide [Bindsdadleret al., 1998]. Therearecurrentlyno meteorologicaktations
in the interior of the AmundsenSeasectorof the WAIS thus compilationsof
accumulatioror temperaturdack the level of detail neededor accuratenodel-
ing [Vaughanet al., in press]. Resultsof fully coupledGCMs mustbe qualified
by the currentlack of datafrom muchof theregion.

Dynamic Behavior in a WAIS Context

Thefollowing obsenationshave beenmadefor the PIG/TG system.

e Luchitta etal. [1995] suggesthatthefloatingportionof TG is speedingip
(basedonfeaturetrackingin LandsaimageryandSAR images).

¢ Rignot[1998] hasshavn thatthe groundingzonesof both of theseglaciers
hasretreated.The groundingof PIG is complex but the simplestinterpre-
tationof the datais thatthe groundingzonehashadepisodicretreatsn the
period1992-1996the averageretreatrateis 1.2 + 0.3 km - a~ L.

e Winghametal. [1998] usedERSradaraltimetryto shaw thatthelower 150
km of PIG s thinningat 11 + 1cm/a. This thinningis mostpronouncedn
the TG basinbut extendsacrosghewholeregion. Thecauseof thisthinning
is notclear

e ThePIG ice shelfhasa large basalmelt rate of 10—12m/a[Jacobset al.,
1996; Jenkinset al., 1997], more than an order of magnitudelarger than
mostAntarcticice shelfbasalmeltrates.

e Theicefronthasretreatedn thelast100yearsatapproximatelyl km/a[Kel-
logg and Kellogg, 1987], but is currently stableor readancing [Jenkins
etal., 1997].

In summary the PIG and TG are not in steadystate. The magnitude(and
even sign) of the changeis poorly known, but the datasuggesthe ice streams
are speedingup andtheir groundingzonesare retreating. The PIG ice shelfis
disintegratingrapidly andthe TG ice shelfis gone. The catchmentsreprobably
stronglyout of balanceandthinning. We do not yet understandhe implications
of theseobsenationsfor the WAIS.
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Science Approach

WAIS/FRISP and previous large-scaleumbrellaresearchprojectssuchas SCR
GSIRE ,andRISPhaveshovntheneedfor multidisciplinaryresearchthatincludes
meteorology glaciology geology ice-coring,and oceanographyThe logistical
difficultiesin studyingthe PIG/TGsystentavorsanintelligently phasedgequence
thatallowsefficiently targetedwork leadingfrom satellite-basedork to airborne-
to ground-vork to drilling andsampling(seeWAIS SciencePlan). Whetherthe
field work will be performedfrom the a vesselin the AmundsenSeaor by LC-
130 supportedfield campon the ice sheet,or somecombinationof thesetwo
approachesnustbedecidedafterthedetailsof thescienceplanarebetterknown.

Thework canbedivided by “platform” or by discipline,but mustbe justified
in light of the overarchinggoalsabove. Herewe list the work by platformin
parallelwith theexisting WAIS SciencePlan.

Satellite Satellite-basedvork hasbeenthe first priority for this region. Both
catchments$ie northof 79 S andarethereforefully-imaged. Existingsatel-
lite measurementlBave given high resolutionmeasurementef elevation,
surfacereflectvity, surfacevelocity, visible andburiedfeaturesandbright-
nesstemperatureamongothers. In the future, GRACE gravity andGLAS
surfaceelevation obsenationswill be available. Thesemeasurementare
crucial for establishinghe currentstateof the ice sheet,ice shehes, sea-
ice, andthe glaciers,with the key databeingsurfaceflow andelevation at
<1 km grids. The primary advantage®f the satellitework is thatthe data
coverthewholeareaathighresolution(metergo km-scale)while requiring
low field-logisticscosts.All satellitemeasurementshouldcontinuefor the
lifetime of the project.

Meteorological Direct measurementsf wind speedanddirection,temperature,
and accumulatiorrate are neededor establishinghe currentstateof the
systemand for inputs to the modelingeffort. In addition, weatherdata
areneededor realisticlogisticsplanning(cloudinesdor flying conditions,
etc.). Someof thesedatacanbe obtainedby satelliteimagery (AVHRR)
but ground stationsneedto be establishedat key locationswhere more-
detaileddataareneededThesedataareneededor themodelingeffort. An
AWS wassuccessfullyinstalledat the Amundsen/Rosflow divide during
the 1999/2000Antarcticfield seasorin preparatiorfor a future U.S. deep
ice coring operation. FurtherAWS stationsandshallov coringwill occur
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aspartof the US/ITASE traversefrom the Amundsen/Rosdivide to Siple
Stationscheduledor 2001/2002.

Airborne The airbornegeophysicameasurementsclude surfaceandbedele-
vation, ice thickness bed roughnessinternal-layering gravity anomalies,
magneticanomalies. Thesedataare at high resolutionalongtrack and at
mediumresolution(km to 10skm) acrosstrack. Suchmeasurementss-
tablishthe currentstateof theice sheetandprovide key bedcharacteand
elevation obsenations. Additionally, internallayer configurationobsena-
tionswill becritical for interpretingthe dynamicalhistory. Becauseof the
high logistics costof airbornedatacollection, the satellitedatashouldbe
usedto optimizeplacementandline-spacingof thegrids.

Ground GPSmeasurementsr registeringtheInSARmeasurementsreneeded.
In addition,tagetedradarand seismicmeasurementare neededo deter
mine bedcharacteandinternallayersandfor subglacialanduppercrustal
structure. The measurementspeakto the currentconditionsandto de-
terminethe basalboundaryconditionfor the modelingwork. Shortpulse
radarwork mustbe donefor nearsurfacelayeringandaccumulatiorrate
variations.Finally, shallov coringfor density accumulatiorrate,andtem-
peraturedeeperdrilling for temperaturendsamplingthe bedneedso be
done.Thesedata(particularlytemperaturearecrucialfor the3D modeling.

Vessel The offshoremeasurementthat are neededo establishthe stateof the
Amundsenseaarethe standardoceanographi¢CTD), side-scarsonarfor
seafloor morphology seismicfor stratigraphyandcoring/drilling for pale-
oclimatedata.All thesedataarefor all threeof the overarchinggoalsof the
project.
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Tablel: Grid of platformsandmeasurementgndgoalsto be achieved (1=mass
balance2=nb.c. for GCMs, 3=flow sensitvity).

Platform | Key Measurement | Timing | Goals

Satellite Elevation, Velocity, Early, Ongoing| 1, 2
Groundingline

Meteorological| Accumulation, Early, Mid 1,2
Weather

Airborne Ice thickness]nternallayers, Mid 1,2,3
BedcharacterGravity, Magetics

Ground Detailedbed/sub-bedharacter | Late 1,2,3
Snaw density Accumulation

Vessel Oceanstate, Mid, Ongoing | 1,2,3
Seafloor state
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