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Abstract

We �nd strongcorrelationbetweenseasonalvariationin continuousGPS(CGPS)time series
andpredictedresponseto annualsnow load in Iceland. The load is modeledusingGreen's
functionsfor anelastichalfspaceandasimplesinusoidalloadhistoryonIceland's four largest
ice caps. We derive E = 40§ 15GPa asa minimum value for the effective Young's mod-
ulus in Iceland,increasingwith distancefrom the EasternVolcanicZone. We calculatethe
elasticresponseover all of Icelandto maximumsnow loadat theice capsusingE = 40GPa.
PredictedannualverticaldisplacementsarelargestundertheVatnaj̈okull ice capwith a peak-
to-peakseasonaldisplacementof » 37mm. CGPSstationsclosestto the ice capexperiencea
peak-to-peakseasonaldisplacementof » 16mm, consistentwith our model.Eastandnorthof
Vatnaj̈okull we �nd themaximumof annualhorizontaldisplacementsof » 6mmresultingin
apparentmodulationof platespreadingratesin thisarea.

1. Introduction

Timeseriesof CGPSstationsoftenrevealannualcyclesin deformationof Earth'scrust.Earlier
studiesrelatethis to seasonalphenomena,i.e. snow load [Heki, 2001]. The amplitudesof
Iceland's CGPStime seriescorrelateinverselywith the stationsdistancefrom the ice caps,
suggestingtheir variableload may in�uence deformation(Fig. 1), which is supportedby a
patternof winter loadingandsummerunloadingin thedata[Geirssonet. al., 2006].

FIG. 1: Iceland's largeice-capsandCGPSstationsof theISGPSnetwork asin 2005.On theright, time seriesof threestations
show theamplitudesof theUP-componentcorrelatinginverselywith distancefrom theicecaps(seelinearandannualtrend).

2. GPSobservationsanddataprocessing

We useCGPStime seriesfrom theISGPSnetwork. All displacementsarecalculatedrelative
to the REYK referencestation. The dataarecorrectedfor outliersandoffsetsin the same
manneras describedby Geirssonet. al. (2006). Linear trendsare removed using a least
squaresapproach. They are mostly due to plate motion (horizontal) or glacio–isostatic
rebounddueto glacialmeltingsincetheLittle Ice Age (vertical). Geirssonet. al. (2006)use
a leastsquaresapproachto �t thedetrendeddatato a harmonicfunction.Thedatashow most
prominentannualsignalsin eastandverticalcomponentat stationscloseto icecaps.

Glacier ObservationPeriod Area[km2] bw [m] bs [m] bn [m]
VatnajÈokulla 1991/92-2004/05 8100 1.5 -1.8 -0.3
LangjÈokulla 1996/97-2004/05 925 1.65 -2.95 -1.3
M ÂyrdalsjÈokulla estimation 600 ¼2.5 ¼-3.0 -0.5
HofsjÈokullb 1996/97-2001/02 890 1.25 -2.25 -1.0

TAB. 1: Icecapdata.Thenetmassbalancebn expressesthe
massaccumulationof a glacierin thecourseof a yearand
canbedevidedinto valuesfor winterandsummermassbal-
ances,bw andbs, respectively. Massbalancesarereferred
to asmetersof waterequivalentloadthickness.

a Pers.comm.,H. Bj ÈornssonandF. PÂalsson,Univ. Iceland,2006.
b Sigurdsson,O. (2003),JÈoklabreytingar1930-1960,1960-1960og2001-2002,JÈokull, 53,55–60.

3. Modeling

FIG. 2: A Green's function givesa system's responseto a speci®cproblem.
Convolving a Green's functionfor subsidencewith a disk loadwill, i. e. result
in valuesfor verticaldisplacementat eachgrid point (differentline stylesrefer
to subsequentsteps).Thecolor imageshowsverticaldisplacementdueto adisk
load: r = 2km, h = 150m, r = 1000kg=m¡ 3, E = 10GPa, n = 0:25.

We focus on modeling the annual
load cycles of the four largest ice
caps(Fig. 1), whichareconstrained
by theiroutlinesandauniform load
thickness. The latter is the winter
massbalance,bw (seeTab. 1). To
estimatetheEarth'selasticresponse
to theseloads,we consideranelas-
tic halfspaceandconvolve Green's
functionswith theloadasexplained
by Pinelet. al. (2006)(Fig. 2).

Thedisplacementsdueto glacial loadvariationsaremod-
eled using an interpolated1km£ 1km grid. Searching
for aneffective Young's modulus,E, thatbest�ts thede-
trendedtime series,we modelthe elasticresponsein the
interval 10–130GPa. Effectsof winter loadingandsum-
mer unloadingat the ice capsare modeledby a simple
harmonicload history approximationat the stationswith
melt seasonstartingin mid-May (Fig. 3).

FIG. 3: A harmonicfunctionreturnstheuniform
loadheightof anicecaponaspeci®cday.

4. Comparisonof observationsandloadmodels
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FIG. 4: RMSEfor all CGPSstations(solid line)
andstationscloseto ice caps(dash-dottedline).
Trianglesmark best®t to the time seriesfor E.
Verticallinesarethesuggestedcon®denceinterval
for E.

Theaveragedstandardroot meansquarederror (RMSE)
betweenmodelpredictionsandbest�ts to thetimeseries
allows us to derive a bestvaluefor E. Fig. 4 shows the
differencein theRMSE asa functionof E for all CGPS
stations,andusingonly CGPSstationscloseto glaciers.
Wederiveabestmodelvalueof E = 40GPa. Comparing
theRMSEto thenull models(of best�ts to time series),
varianceis lowerwhenconsideringonly glacierstations.

Fig. 5 shows absolutevertical and horizontaldisplace-
mentsat theonsetof themeltingseasonfor Icelandusing
E = 40GPa andmaximumsnow load.

FIG. 5: Calculatedabsolutepeak-to-peakseasonaldisplacementdueto maximumwinter loadusingE=40GPa. (V: VatnajÈokull, L:
LangjÈokull, M: M ÂyrdalsjÈokull, andH: HofsjÈokull) a) Verticaldisplacement.b) Vectorlengthsof horizontaldisplacements.

Westernandnorthernstationsin Fig. 5 have minor induceddeformation. This explains the
proportionallybetter�t of the model to CGPSstationscloseto ice caps. By deriving a best
�t in E for eachindividual station,we infer a con�denceinterval of E = 40 § 15GPa. For
E = 40GPa thelargesthorizontaldisplacementof » 6mmoccursnorthandeastof Vatnaj̈okull.
The huge load of Vatnaj̈okull pulls the horizontaldisplacement�eld of the other ice caps
signi�cantly towardsits center. For thevertical,maximumdisplacementis » 37mmunderthe
centerof Vatnaj̈okull (Fig. 5).

Temporalvariation for dynamic loading using E = 40GPa is shown in Fig. 6. Predicted
verticaldeformationcausedby our loadmodelis at all stationsin closeproximity to glaciers
almostin phasewith the best�ts. Phaseoffsetsbetweentime seriesandmodelpredictions
couldbedueto variationsin thebeginningof themeltingseasonat theicecaps.

FIG. 6: Comparisonof predictedandobserved resultsof temporalmodelingat CGPSstationsHOFN andSOHO.Greendots:
detrendedCGPStime seriesshowing stationdisplacementsrelative to REYK, redline: best®t from Geirssonet. al. (2006),blue
line: modeleddisplacementusingE = 40GPa.

5. Discussionandconclusions

Resultsfrom our simple load modelcorrespondto observationsof earlierstudiesandmatch
the dataof CGPSstationsin Iceland. Futuremodelsshouldconsiderthe differentlengthsof
loadingandunloadingcycles. An inhomogeneousload distribution needsto be includedas
well as other sourcesof seasonalload, i.e. oceanload. Evaluationof modeledamplitudes
suggestsa sensitivity to E dependingon location. Phaseoffsets in the vertical component
(Fig. 5) might be dueto recharge of the groundwatertable,or causedby irregular melting of
the ice caps. The impactof other load sourcesneedsfuture studies.Despitethe limitations,
our simpleapproachexplainsa largepartof theobservedannualvariations,suggestingglacier
loadvariationprovidesa majorcontribution to theannualgrounddisplacements.Thevalueof
40§ 15GPa is inferredto beaminimumvaluefor E dependingon thelocation.

6. Futurestudies

An expandedISGPSnetwork combinedwith this work might reveal informationaboutyet too
poorly constrainedsnow loadsoutsideof the ice caps. Furthermore,future additionalCGPS
datacould be usedto infer the onsetof the melting seasonfor the individual ice caps. The
simulatorthis work wascarriedout with will be expandedto allow for applicationof more
complex loadingbehavior to amorerealisticalEarthmodel.
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