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Abstract

We nd strongcorrelationbetweerseasonavariationin continuousGPS(CGPS)time series
and predictedresponsdo annualsnov load in Iceland. The load is modeledusing Greens
functionsfor anelastichalfspaceanda simplesinusoidaloadhistoryon Icelands four largest
iIce caps. We derve E = 408 15GPa asa minimum value for the effective Young's mod-
ulusin Iceland,increasingwith distancefrom the EasternVolcanic Zone. We calculatethe
elasticresponsever all of Icelandto maximumsnav loadat theice capsusingE = 40GPa.

Predictedannualverticaldisplacementarelargestunderthe Vatnapkull ice capwith a peak-
to-peakseasonatlisplacemenof » 37mm CGPSstationsclosestto theice capexperiencea
peak-to-pealseasonatlisplacemendf » 16mm consistentvith our model. Eastandnorth of

Vatnapkull we nd the maximumof annualhorizontaldisplacementsf » 6mmresultingin

apparenmodulationof platespreadingatesin this area.

1. Introduction

Timeserienf CGPSstationoftenrevealannuakyclesin deformatiorof Earth'scrust.Earlier
studiesrelatethis to seasonaphenomenai.e. snawv load [Heki, 2001]. The amplitudesof
Icelands CGPStime seriescorrelateinverselywith the stationsdistancefrom the ice caps,
suggestingheir variableload may in uence deformation(Fig. 1), which is supportedby a
patternof winterloadingandsummermnloadingin the data[Geirssonret. al., 2006].

FIG. 1: Icelands largeice-capsand CGPSstationsof the ISGPSnetwork asin 2005. On theright, time seriesof threestations
shav theamplitudesf the UP-componentorrelatinginverselywith distancerom theice caps(seelinearandannualtrend).

2. GPSobsenrationsanddataprocessing

We useCGPStime seriesfrom the ISGPSnetwork. All displacementarecalculatedelatve

to the REYK referencestation. The dataare correctedfor outliers and offsetsin the same
manneras describedby Geirssonet. al. (2006). Linear trendsare removed using a least
sguaresapproach. They are mostly due to plate motion (horizontal) or glacio—isostatic
rebounddueto glacialmeltingsincethe Little Ice Age (vertical). Geirssonet. al. (2006)use
aleastsquarespproacho t thedetrendedlatato a harmonicfunction. Thedatashav most

prominentannualsignalsin eastandverticalcomponentt stationscloseto ice caps.

Glacier ObserationPeriod Area[kn?] by [m] bs[m] b,[m] TAB. 1:Icecapdata.Thenetmassalanced, expresseshe
Vatnagkull? 1991/92-2004/05 8100 1.5 -1.8 -0.3 massaccumulatiorof a glacierin the courseof a yearand

Langjekull? 1996/97-2004/05 925 1.65 -2.95 -1.3 canbedevidedinto valuesfor winterandsummemasdbal-
Mykdalsjikull? estimation 600 V2.5 Y-3.0 -0.5 ancesh, andbs, respectrely. Massbalancesarereferred
Hofsjékull 1996/97-2001/02 890 1.25 -2.25 -1.0 toasmetersof waterequvalentloadthickness.

2 pers.comm.,H. Bj&nssorandF. PAlssonUniv. Iceland,2006.
b SigurdssonQ. (2003),Jéklabre/tingar 1930-19601960-196(g 2001-2002,Jékull, 53, 55-60.
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3. Modeling

We focus on modeling the annual
load cycles of the four largestice
caps(Fig. 1), whichareconstrained
by their outlinesanda uniformload
thickness. The latter is the winter
massbalance,b,, (seeTah 1). To
estimategheEarth'selasticresponse
to theseloads,we consideranelas-
tic halfspaceand corvolve Greens
functionswith theloadasexplained
by Pinelet. al. (2006)(Fig. 2).

FIG. 2: A Greens function gives a systems responsdo a speci®cproblem.
Corvolving a Greens functionfor subsidencevith adiskloadwill, i. e. result
in valuesfor verticaldisplacemenét eachgrid point (differentline stylesrefer
to subsequerdteps).Thecolorimageshawvsverticaldisplacementlueto adisk
load:r = 2km, h= 150m, r = 1000kg=m' 3, E = 10GPa, n= 0:25.

Thedisplacementdueto glacialload variationsaremod-
eled using an interpolatedlkm£ 1km grid. Searching
for an effective Young's modulus,E, thatbest ts thede-
trendedtime series,we modelthe elasticresponsen the
iInterval 10-130GPa. Effectsof winter loadingandsum-
mer unloadingat the ice capsare modeledby a simple
harmonicload history approximationat the stationswith
melt seasorstartingin mid-May (Fig. 3).

FiG. 3: A harmonidunctionreturnstheuniform
load heightof anice capon aspeci®cday.

4. Comparisorof obsenationsandload models

The averageastandardoot meansquarecerror (RMSE)
| betweemmodelpredictionsandbest ts to thetime series
| e allows usto derve a bestvaluefor E. Fig. 4 shaws the
A\ / differencein the RMSE asa functionof E for all CGPS
i | stations,andusingonly CGPSstationscloseto glaciers.
" FIVSE Slacr statons We derive abestmodelvalueof E = 40GPa. Comparing
the RMSE to the null models(of best ts to time series),

variances lower whenconsideringnly glacierstations.
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FIG. 4: RMSE for all CGPSstations(solid line)
and stationscloseto ice caps(dash-dottedine).  Fjg, 5 shavs absolutevertical and horizontal displace-
Trianglesmark best®t to the time seriesfor E. tsatth of th It fdor lcelandusi

Verticallinesarethesuggestedon®dencenterval mentsatineonse emeitingseasonor icelanausing

for E. E = 40GPa andmaximumsnaw load.

FiG. 5: Calculatedabsolutepeak-to-pealseasonatlisplacementlueto maximumwinter load usingE=40GPa. (V: Vatnajkull, L:
Langjékull, M: Myxdalsjakull, andH: Hofsj&kull) a) Verticaldisplacementb) Vectorlengthsof horizontaldisplacements.
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Westernand northernstationsin Fig. 5 have minor induceddeformation. This explainsthe
proportionallybetter t of the modelto CGPSstationscloseto ice caps. By derving a best
t In E for eachindividual station,we infer a con denceintenal of E = 408 15GPa. For
E = 40GPathelargesthorizontaldisplacemendf » 6 mmoccursnorthandeastof Vatnapkull.
The hugeload of Vatnapkull pulls the horizontal displacementeld of the otherice caps
signi cantly towardsits center For the vertical, maximumdisplacemenis » 37mmunderthe
centerof Vatnapkull (Fig. 5).

Temporalvariation for dynamicloading using E = 40GPa is shovn in Fig. 6. Predicted
vertical deformationcausedoy our load modelis at all stationsin closeproximity to glaciers
almostin phasewith the best ts. Phaseoffsetsbetweentime seriesand model predictions
couldbedueto variationsin the beginning of the meltingseasorat theice caps.

FIG. 6. Comparisorof predictedandobsened resultsof temporalmodelingat CGPSstationsHOFN and SOHO. Greendots:
detrendedCGPStime seriesshaving stationdisplacementselative to REYK, redline: best®t from Geirssonet. al. (2006),blue
line: modeleddisplacementisingE = 40GPa.

5. Discussiomandconclusions

Resultsfrom our simple load model correspondo obserationsof earlier studiesand match
the dataof CGPSstationsin Iceland. Futuremodelsshouldconsiderthe differentlengthsof
loading and unloadingcycles. An inhomogeneou$ad distribution needsto be includedas
well as othersourcesof seasonaload, i.e. oceanload. Evaluationof modeledamplitudes
suggestsa sensitvity to E dependingon location. Phaseoffsetsin the vertical component
(Fig. 5) might be dueto rechage of the groundwvatertable,or causeday irregular melting of
the ice caps. The impactof otherload sourcemeedsfuture studies. Despitethe limitations,
our simpleapproachtexplainsa large partof the obsered annualvariations,suggestingylacier
load variationprovidesa major contribution to the annualgrounddisplacementsThe value of
408 15GPais inferredto bea minimumvaluefor E dependingnthelocation.

6. Futurestudies

An expanded SGPSnetwork combinedwith this work might revealinformationaboutyettoo
poorly constrainedsnov loadsoutsideof the ice caps. Furthermore future additional CGPS
datacould be usedto infer the onsetof the melting seasorfor the individual ice caps. The
simulatorthis work was carriedout with will be expandedto allow for applicationof more
complex loadingbehasior to a morerealisticalEarthmodel.
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