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Glacial isostatic adjustment in Fennoscandia from
GRACE data and comparison with geodynamical

models

Holger Steffert-* , Heiner Denket , and Jirgen Miller®

anstitut fur Erdmessung, Leibniz UniverattHannover, Schneiderberg 50,

D-30167 Hannover, Germany

Abstract

The Earth’s gravity field observed by the Gravity Recovery @imate Experiment (GRACE)
satellite mission shows variations due to the integralctfé mass variations in the atmo-
sphere, hydrosphere and geosphere. Several institusanh, as the GeoForschungsZen-
trum (GFZ) Potsdam, the University of Texas at Austin, CefieSpace Research (CSR)
and the Jet Propulsion Laboratory (JPL), Pasadena, pr&RIBCE monthly solutions,
which differ slightly due to the application of differentthection models and centre-specific
processing schemes. The GRACE data are used to investigateasss variations in Fennoscan-
dia, an area which is strongly influenced by glacial isostatljustment (GIA). Hence the
focus is set on the computation of secular trends. Diffefifiats (e. g. isotropic and non-
isotropic filters) are discussed for the removal of high fiexcy noise to permit the extrac-
tion of the GIA signal. The resulting GRACE based mass \iaratare compared to global
hydrology models (WGHM, LaDWorld) in order to (a) separatsgible hydrological sig-
nals and (b) validate the hydrology models with regard t@lpariod and secular compo-
nents. In addition, a pattern matching algorithm is appletbcalise the uplift centre, and

finally the GRACE signal is compared with the results from adymamical modelling.
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The GRACE data clearly show temporal gravity variationsemfoscandia. The secular
variations are in good agreement with former studies aneratilependent data. The uplift
centre is located over the Bothnian Bay, and the whole uatéa comprises the Scandi-
navian Peninsula and Finland. The secular variations eléfrom the GFZ, CSR and JPL
monthly solutions differ up to 20%, which is not statistlgasignificant, and the largest
signal of about 1.2:Gallyr is obtained from the GFZ solution. Besides the GlAalgtwo
peaks with positive trend values of about @@al/yr exist in central eastern Europe, which
are not GlA-induced, and also not explainable by the hydlmodels. This may indicate
that the recent global hydrology models have to be reviséid respect to long period and
secular components. Finally, the GRACE uplift signal i®atsquite good agreement with

the results from a simple geodynamical modelling.

Key words: GRACE, glacial isostatic adjustment, global hydrology misdgeodynamic

modelling, pattern matching, filtering

1 Introduction

During the last glacial period from around 120,000 years 8RQ00 years BP
the northern hemisphere was covered by large ice sheesadlitional load de-
pressed the Earth’s surface by several hundreds of metfies. the Last Glacial
Maximum at 22,000 years BP, the ice sheets began to melthamsbtid Earth re-
adjusts towards a new isostatic equilibrium. The viscdelamture of the glacial
isostatic adjustment (GIA) process causes a time delaydagtithe ice sheet melt-
ing and the deformation of the solid surface, making it stikervable today. Due

to the excellent infrastructure in Fennoscandia, GIA is paghensively observed

* Corresponding author.
Email addressst ef f en@ f e. uni - hannover . de (Holger Steffen).
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there, and the uplift of the crust is well documented (see &kni991). Hence,
Fennoscandia turned out to be one of the key regions forglastal rebound stud-

ies.

The spatial extension of the Fennoscandian uplift areadat@000 km in diameter
from SW to NE, and about 1400 km in diameter from NW to SE, wishcentre
located in the Bothnian Bay between Sweden and Finland (speE&kman, 1996;
Ekman and Makinen, 1996; Lidberg et al., 2007; Gitlein et 2008). The maxi-
mum uplift rates reach about 1 cm/yr in the centre of the dreloérg et al., 2007),
which is associated with a corresponding gravity changeeEarth’s surface of
about -2;Gallyr (Ekman and Makinen, 1996; Gitlein et al., 2008). Hwer, re-
garding a reference point fixed in space, gravity is incregpsiith aboutt 1 ,Gallyr
due to the GlA-related mass inflow. Furthermore, it shoulddited that this is also
the signal magnitude to be observed by the Gravity RecovailyGlimate Experi-
ment (GRACE) satellite mission, as the GRACE monthly fieldsaways evalu-
ated at identical points in space. Lidberg et al. (2007)nmt#geublished the uplift
velocity field as observed by GPS (figure 1), which can sertbaktest reference
for the uplift pattern. Figure 1 shows the maximum upliftreagover the Bothnian
Bay area as well as a subsidence zone from the southern Neatbv@r Northern

Germany to Northern Poland due to the collapse of the pa@bFaebulge.

Figure 1

Commonly, GPS and other geometrical observations suchiaslepelling and

tide gauges are used for uplift investigations (e. g. Ekmaoh ldakinen, 1996;
Milne et al., 2001; Johansson et al., 2002; Scherneck 2G03; Kuo et al., 2004;
Lidberg et al., 2007). In addition to these observatiorsgifavitational uplift signal

can be detected by absolute and relative gravimetry (e. maBkand Makinen,
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1996; Makinen et al., 2005; Milller et al., 2005; Wilmeslet2005; Timmen et al.,
2006) or by the GRACE satellite mission (e. g. Wahr and Velieg 2003; Peltier,
2004; Muller et al., 2006a,b). Apart from all these methals analysis of relative
sea-level (RSL) data gives more insight into the above roeat time delay, as
it covers the whole deglaciation period. Thus, the RSL datacammonly used
for GIA investigations including the determination of sgtd geophysical Earth

parameters (Lambeck et al., 1998; Steffen and Kaufmanrg;200k et al., 2007).

In our investigation, we use the recent observations fra@RACE satellite mis-
sion to determine the GlA-induced gravity changes in Feoaodia. One aim of
this study is to show how an accurate rebound signal can bactetl from the
GRACE monthly solutions provided by three different anaysentres. For noise
reduction, we test different filter techniques. Furtherdrydrological effects in
the GRACE signal are studied with the help of two global hyolyg models, as
the hydrological signals may obscure the rebound signad. |last step, we try to
isolate the rebound signal with the help of a pattern matghlgorithm and a geo-

dynamical model.

Section 2 gives a short overview of the GRACE mission and tRAGE data pro-

cessing, including the application of different filter teajues. Section 3 covers
the comparison of the results from the different GRACE psso®y centres. The
accuracy of the results and possible hydrological effersiravestigated. In sec-
tion 4, the comparison with geodynamical models followsafly, a summary and

outlook is presented in section 5.
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2 Processing of the GRACE monthly solutions

The primary objective of the GRACE mission is to provide gibmodels of the
Earth’s gravity field with high accuracy at long and mediunvelangths. Besides
the mean gravity field, it also allows the determination ofiperal gravity changes
on a monthly basis, showing variations due to the integffacefof mass move-
ments in the ocean, atmosphere and hydrosphere as well las Eatth’s interior.

Regarding GIA in Fennoscandia, estimates show that a teahg@vity change of

-10uGal at the Earth’s surface aneb pGal at a fixed reference point in space can

be expected (associated with abeu® mm geoid change) in the Bothnian Bay over

five years (Muller et al., 2006a). As GRACE is already mosmtfive years in orbit
and a mission extension for at least two more years is apgrdkie Fennoscan-
dian land uplift area gives an excellent opportunity todaie different observation
techniques. In this context, Wahr et al. (1998) and Wahr agletdgna (2003) al-
ready showed that the GRACE configuration is sensitive emoogletermine the

above mentioned magnitude of variation.

Temporal gravity field variations can be computed from theAGE monthly so-
lutions provided by several analysis centres, such as tiee tinain analysis cen-
tres University of Texas at Austin, Center for Space Re$ef@SR), Jet Propul-
sion Laboratory (JPL), Pasadena, and the GeoForschungs#giGFZ), Potsdam,
as well as the University of Bonn (ITG) and the Centre Natiali&tudes Spa-
tiales (CNES), Toulouse. In this study, secular gravityngfes are determined in
Fennoscandia from the GRACE monthly solutions Release O4Rprovided by
CSR, JPL and GFZ. Each solution centre carries out a sodcsti@dard processing
where oceanic and atmospheric contributions as well alsdifierts are reduced us-

ing different global models in a standardised centre-$jggmiocessing procedure.
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After that, the temporal gravity variations are mainly tethto hydrological signals
and other contributions such as GlA-induced signals, laat @sidual signals from
insufficient a-priori reduction models may be included. digheless, GlA-induced
mass variations in Fennoscandia have to be extracted fremdimthly fields with

dedicated filter and analysis techniques (see Wahr andoggla;, 2003; Velicogna
and Wahr, 2005). Especially the high frequency noise in tRACE fields has

to be filtered out by appropriate smoothing techniques, asetlerrors manifest
themselves in maps of surface mass variability as longafifeatures, generally
oriented north to south (so-called stripes, see SwensoWatmul, 2006, for more

information).

Several filter techniques have been published in the pass yeag. Han et al.,
2005b; Sasgen et al., 2006; Swenson and Wahr, 2006; Kus6b&).2A thor-
ough summary of several approaches can be found in KuscB&)20ommonly,
the Gaussian filter is used, which is based upon the methabtybpic Gaussian
smoothing outlined in Jekeli (1981). This filter was introdd in Wahr et al. (1998)
for the GRACE monthly gravity fields. It depends on the sptaiarmonic degree
[ and represents a normalised spatial average to compemsgbedrly known,
short-wavelength spherical harmonic coefficients. Afteing a Gaussian filter,
stripes may still be visible up to around“4¥S latitude, which is outside of our
investigation area. Han et al. (2005b) developed a nomeipt filter with coeffi-
cients depending both on degreand ordermn. This filter is constructed like the
Gaussian filter, but with variation of the smoothing radiygarmonic order, which
leads to a different compression of signals in the NS and Evttion. Swenson
and Wahr (2006) presented a non-isotropic filter for thealted “destriping”, the
decorrelation of the GRACE coefficients. Here, the spesitalature of the corre-

lated errors is examined, and then the correlated signalearoved with a method
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using polynomials. After that, a Gaussian filter is appligdich clearly reduces the
presence of stripes in the GRACE gravity fields up to arourfdNAS latitude, but
unfortunately, real signals may also be removed. The ab@rdioned three filters

are applied in this study and their performance is discubsémv.

Previous studies showed that significant temporal gravtlyl fvariations can be
recovered from the GRACE monthly solutions, provided trdgcuate filters are
employed. In this context, a quite large number of invesiigs used GRACE data
to determine variations caused by hydrological, cryosplaroceanic effects (see
e. g. Tapley et al., 2004; Velicogna and Wahr, 2005; Wahr.e28D4; Famiglietti
et al., 2005; Frappart et al., 2006; Han et al., 2005a; Chah,e2006; Schmidt et
al., 2006; Seo et al., 2006; Swenson and Milly, 2006; Yeh ¢t2806; Crowley
et al., 2007; Munekane, 2007). The number of GIA investaaiwith GRACE
is rather small so far, but slowly increasing as the missioration exceeds five
years and advanced processing techniques now allow suestigations (see e. g.
Rangelova et al., 2007; Tamisiea et al., 2007; Barletta €2@08; Rangelova et al.,
2008; Steffen et al., 2008a,b; van der Wal et al., 2008).

The number of the GRACE monthly solutions provided by the¢hmain anal-
ysis centres GFZ, CSR and JPL differs due to various reagaorsthis study,
52 monthly gravity field solutions from August 2002 to Aprld@7 are available
from GFZ, with gaps in September 2002, December 2002 to Jara@®3, June
2003 and January 2004. CSR has provided 59 solutions frorih Zq@2 until May

2007, with gaps between June to July 2002 and in June 2003JHheolutions
envelope the period from January 2003 to April 2007, i. e.ihthly solutions
are available with a gap in June 2003. The monthly solutidnkioe 2002, July

2002 and June 2003 are missing from the three main analysisesedue to ac-
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celerometer data problems. Furthermore, some missinghtydields from GFZ

are still under way. Each GRACE monthly solution consista st of spherical

harmonic coefficient§’;,,, and.S;,,, up to degree and order 60 (CSR) or 120 (GFZ,

JPL) with corresponding calibrated errors (GRACE, 200&je b the larger errors
at shorter wavelengths, and the applied filtering techrigaely the spherical har-
monic coefficients up to degree and order 50 were considesd@dh in principle

corresponds itself to a rectangular box filtering.

For each monthly solution, gravity valugéy, A, t) have been computed on &2°
grid using the above mentioned filter techniques. Then tbelae(B) and periodic
(amplitudeg”; and D; of typical periodsv;) gravity variations are determined over

the corresponding time spaxt at each grid point:

i=3
dg (o, \,t) = A+ BAt + > C;cos (w;At) + D; sin (w;At) + €. 1)

i=1

In the above equatior\t is the time difference relative to January 2003. In this

study, we focus on the secular treBdIndexes = 1 andi = 2 indicate the annual
and the two-yearly period, respectively, both yieldingndigant contributions to
the total signal (Dahle, pers. comm., 2007). Moreover, tiberiannual and secular
variations may be affected by aliasing errors associatdutive ocean tides, partic-
ularly in high latitude areas, where the correction of theasctides is not perfect.
Ray et al. (2003) showed that aliasing exists for the S2, K2 kah tides, which
resultin 161 d, 3.7 yr and 7.4 yr periods, respectively. Asttine period covered
by the GRACE monthly fields is less than five years, the coutioins from K2 and
K1 are not well retrievable due to their long periods, buasilig from the S2 tide

should be considered. Hence, the 161 d period (index 3) is included in this

analysis. The variable characterises noise and unmodelled effects. The accuracy
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of the secular trend derived from the adjustment is abol& PGal/yr, employing

a Gaussian filter with 400 km radius.

Regarding the extraction of the Fennoscandian land ujujftzd from the GRACE
monthly fields, the applied filter techniques have a significenpact. Hence, the
three different filtering techniques mentioned above aiefligrcompared. Figure 2
shows the secular tren@ obtained from the GFZ GRACE monthly solutions using
equation 1 after application of the different filters: (a@ ieotropic Gaussian filter
with 400 km radius, (b) the non-isotropic filter after Han ket{2005b), and (c) the
non-isotropic destriping filter after Swenson and Wahr @O00ith an additional
400 km Gaussian filtering, as suggested by the authors. @sy the present ac-
curacies and the longer time with GRACE monthly solutioralable, meanwhile
a 400 km Gaussian filter is appropriate for continental adeasddition, tests were
performed with more and less smoothing, e. g. a 500 km Gaufker was com-
pared to a destriping filter with an additional 300 km Gaussiker, resulting in
only minor changes of the recovered land uplift signal. Reminore, previous re-
sults with larger smoothing radii (500 km, 800 km and 1000 lang) documented
in Muller et al. (2005, 2006a,b).

The results from the three filtering methods show a someuwiffateht behaviour
(figure 2). The Gaussian filter gives the uplift centre at tkigeeted location when
compared to the GPS solution of figure 1. Moreover, besidegtsitive trend
over Fennoscandia two other positive gravity changes cdnurel below latitudes
55°N and between longitudes 2@ 40°E in eastern Europe. Both non-isotropic
filters slightly change the shape and orientation of the lgpidt signal, which is in
contrast to GIA investigations of the last years (e. g. Subek et al., 2003; Steffen
and Kaufmann, 2005; Vestgl, 2006; Lidberg et al., 2007). fidwe-isotropic filters

Page 9 of 35



cause a stronger smoothing compared to the Gaussian fifecially in EW di-
rection, and decrease the uplift signal (Table 1) up to omé When using the filter
after Han et al. (2005b). The decrease in the maximum is &served for the CSR
and JPL GRACE monthly solutions (Table 1). The positive gyashange in east-
ern Europe is decreased and its structure with two maximwalesces down into
a single spot. Such apparent coalescence of two maximumsirg was recently
shown by Steffen et al. (2008a) for the North American relgbanea, but there both
non-isotropic filters distort the structure that is knowonfr gravity measurements
(Pagiatakis and Salib, 2003), GPS observations (Sella, &0417), and geophysical
modelling (e. g. Peltier, 2004; Tamisiea et al., 2007; &te#t al., 2008a). Hence,
the two non-isotropic filters are considered as less s@talGIA investigations.
A possible reason for the better performance of the isatr@aussian filter may
also be that the study area is in high latitudes where theiswinepic nature of the
GRACE noise is less severe than in lower latitude areas.eTtrey, the Gaussian
filter is applied for all further analyses in this study, butther developements of
adequate “GlA-filters” - isotropic or non-isotropic - maybkto improved results

in future.

Figure 2

Table 1

10
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3 GIA from the GRACE monthly solutions

3.1 Comparison of centre-specific GRACE solutions

In this section, we compare the calculated secular gratigyges in Fennoscandia
derived from the three main GRACE solution centres, usieg3hussian filter with
400 km radius. Figure 3 shows the trend as determined frorGE#(a), CSR (b)
and JPL (c) GRACE monthly solutions. The maximum uplift \eatar the centre is
listed in Table 1 for all solutions. For the GFZ solution (figi8a), a clear signal of
about 1.2uGallyr is visible in the central area around the Bothnian,Bdych can
be related to GIA, especially when compared to the GPS solditom Lidberg et
al. (2007) (figure 1). The maximum value fits quite well to tme of 1.3.Gallyr
determined by Muller et al. (2006b), but therein only 34 tidysolutions of the
GFZ release RLO3 were utilised. The ellipsoidal-shaped lkaplift pattern with

a positive trend is directed from SW to NE over Fennoscarwiidn bulges over
Kola Peninsula and NW Russia, which also agrees with thdtsefsam Miller et
al. (2006b). Two additional positive peaks can be found imreg eastern Europe
with a maximum of around 0.8Gallyr, that are according to present knowledge
not related to GIA and may be induced by long-term hydroldggrges, which is

investigated in the next section.

Figure 3

The CSR trends (figure 3b) also show a clear GIA signal, bgh#ii shifted to
the west (around 200 km) of the Scandinavian Peninsula wsttnaewhat smaller
magnitude of 1.16.Gallyr. The bulge near the Kola Peninsula is more distinct

than in the GFZ solution. Miller et al. (2006a) presentethgir first GIA analy-

11
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sis from 32 CSR GRACE monthly solutions of the former releB&€2 that the
location (east of Bothnian Bay) and magnitude (aroundGhal/yr) of the recov-
ered GIA signal differed with the existing Fennoscandiahfumodels, and in a
further step to improve the separation of the land uplifhaigrom other effects,
they reduced hydrological influences based on a global hyglyonodel. However,
their approach was not successful. Then, using release RItB3ip to 47 monthly
solutions, Miller et al. (2006b) showed that the centrehef $ecular signal had

moved in north-western direction towards the expectedimcaf the uplift signal,

having a magnitude of 1,3Gal/yr, but the maximum remained improperly located.

On the whole, this clearly indicates that the longer timensgavered with GRACE
monthly fields as well as the improved RL0O4 processing teplas lead to better

results.

The smallest magnitude of the GIA signal is obtained fromJRe solution (fig-
ure 3c). The magnitude of less thapGal/yr is smaller by about 20% as compared
to GFZ and CSR, but the difference is not statistically digant. The uplift centre
from the JPL results only covers central Sweden, which iskéd@o the west from
the expected uplift centre, but a second smaller peak esergs the Kola Penin-
sula. So far, no geometrical or gravitational observatamesknown which would

explain this peak.

The following general conclusions can be drawn from the canispn of the results

from the three solution centres:

e The GFZ solution shows the largest signal, while the JPLtswlushows the
smallest signal. The maximum value of lufsallyr is slightly larger than the
expected L.Gallyr (see section 1).

e The expected uplift centre in the Bothnian Bay is best tragilthe GFZ solu-

12
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tion. The CSR and JPL solution move the maximum to the west.

e All solutions show a SW-NE-directed uplift pattern.

e Two peaks with positive trends in central eastern Europle legs than LGallyr
are visible in all solutions, which are not related to GIA @cling to present

knowledge.

The differences in the results between the three GRACEisalaentres are caused
by the different processing techniques, the different tgpans of the input data,
as well as by the use of different a-priori reduction model$hie centre-specific
standard processing of the monthly fields. For further ais)yhe GFZ solution is
chosen, because the uplift pattern fits best to the expeesedts from independent

terrestrial measurements.

3.2 Comparison with global hydrology models

In this section, the trends derived from the GFZ monthly sohs are analysed
regarding hydrological effects using the hydrological misdWaterGAP Global
Hydrology Model (WGHM, Dall et al., 2003) and Land Dynamigforld (LaD-

World, Milly et al., 2002). Besides the GlA-induced graviiganges, other signif-
icant trends may be present in the GRACE results, and hygiolorocesses are
most likely contributors. So far, numerous studies havegmdhat GRACE is able
to detect the mainly periodic continental water storagengka (e. g. Seo et al.,

2006; Swenson and Milly, 2006; Yeh et al., 2006; Crowley gt2007).

The WGHM was basically developed to simulate river disceavghin the frame-
work of water availability and water use assessment stuoiesa global scale

(Guntner et al., 2007). According to Doll et al. (2003)e ttWGHM is based on

13
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the best global hydrological and meteorological data $etsdre currently avail-
able. The model has a grid size @5°. For each grid cell, the total continental
water storage (sum of snow, soil water, groundwater, serfeater in rivers, lakes,
reservoirs and wetlands) is computed as a time series ofhiyordlues in mm of
equivalent water thickness. The data cover the period feomdry 2002 to Decem-
ber 2006. No data are given for the oceans, Antarctica anerGred. The WGHM
is provided for this study by the GFZ (courtesy of Andreasta@r and Roland
Schmidt) in the form of monthly solutions of spherical hamwopotential coef-
ficients up to degree and order 100, covering the time span february 2003
to December 2006 and using the GRACE gravity field formatnFWwWGHM, the
December 2006 data is not used to be consistent with LaDWatiich ends in

November 2006.

LaDWorld is a series of retrospective simulations of glot@itinental water and
energy balances, created by forcing the Land Dynamics (lca@el (Milly et al.,
2002). At least five updates were released from the Contahevdter, Climate, and
Earth-System Dynamics Project from the U.S. Geological&u{GFDL, 2007).
In this study, we use the latest version LaDWorld-Frasersamd up the simulated
values for snow water equivalent, soil water and shallowgdowater. The data are
provided in monthly solutions from January 1980 until Nov®mn2006 in a I1x1°
grid, using again columns of equivalent water thicknesst:(amm). We consider
the time span from February 2003 until November 2006 to beistent with the
GFZ GRACE monthly solutions and the WGHM.

For the hydrologic investigations, the GRACE and WGHM ptitdrecoefficients
are converted into corresponding models of columns of edgnt water thickness

using the equations given in Wahr et al. (1998). Thus, theltepresented in this

14
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section and in figure 4 have the unit mm/yr. The conversiotofazan be approxi-
mated roughly by L:Gal~ 27 mm equivalent water thickness. In order to compare
the hydrological data to the GRACE data, the hydrologicatiei® are smoothed

accordingly by Gaussian filtering, resampled toa22 grid.

In figure 4a, the GRACE trend in Fennoscandia is shown agathédGFZ GRACE
monthly solutions, but now only for a 46 month time span froebfiary 2003 to
November 2006, using the unit mm/yr of equivalent waterkhéss. The trend
from GRACE, calculated according to equation 1, yields aimaxn of 37 mm/yr.
Figures 4b and c illustrate the secular variations derivechfthe hydrological
models WGHM and LaDWorld, respectively. These trends ase ehlculated af-
ter equation 1, but without including the period of 161 d. Toenparison clearly
shows discrepancies between the two hydrological modeGHW highlights a
positive trend of about 17 mm/yr in Central Scandinavia amgk@ative trend of
-18 mm/yr in the East European Plains. In contrast, LaDWgiddds only small
long-term trends in western Europe of less than 10 mm/yrdentortheast Europe
experiences a decrease of -17 mm/yr. This decrease is doleatber to the north
as compared to the WGHM, but the extension as well as the mmipeak value
agree quite well. Compared to the GRACE results in Fennalaathe contribu-
tion from both hydrology models is much smaller than the cte® GRACE trend
signal. The hydrological effects in that region derivechirnaDWorld are nearly
negligible. In contrast, the WGHM results indicate slighHtrger hydrological ef-
fects over the whole Scandinavian Peninsula. The distaetvecen the GRACE-
derived maximum signal and the WGHM hydrology maximum isw®#00 km,
and when subtracting the hydrology model from the GRACEIltegine uplift peak

remains in the Bothnian Bay with a magnitude of more than 20ynm

15
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Figure 4

From the GRACE trend analyses, two peaks are visible in @eBtst Europe for
the GFZ, CSR and JPL solutions (figure 3), which do not exiftath hydrology
models. Further investigations show that this area spansiver catchment basins
of the Danube river, the Dniester and the Dnieper River. is ¢tbntext, it is pos-
sible that very long periodic hydrology variations with radhan five year periods
exist, which exhibit as trends in our analysis. Rimbu et(2002) analysed the
decadal variability of the Danube river flow in the lower adihey found that the
decadal variations dominate the year-to-year Danube flovati@ans and in con-
nection with land precipitation over Europe, the decadebt@ans of river flow are
in good agreement with the decadal variations of precipitah the Danube catch-
ment basin. The increase in precipitation and flow durindnsudecadal variation
could possibly yield the peaks discussed above. The fomimegpyears of GRACE

observations will help to clarify this matter.

Furthermore, it is noteworthy that the used hydrology medetre basically de-
veloped for scientific investigations of seasonal varigiowithout emphasis on
tracing secular trends (Guntner and Petrovic, pers. co@d0.7). Hence, the reli-
ability of the employed hydrology models regarding long¥tenvestigations may
be questionable, especially as (a) strong differencesdsstwoth models exist and
(b) none of the models explains the two peaks in central saBigrope determined
with GRACE (figure 3). Moreover, the two peaks are not reldtegeodynamical
processes according to present knowledge, and the sigadgoo large to be
explainable by residual effects from tide and/or atmosiphmodelling. Therefore,
at least the models WGHM and LaDWorld probably need to be @vgxi regarding

their long-term components, before being systematicable for GIA investiga-

16

Page 16 of 35



tions.

4 Comparison with geodynamical models

In this section, the rebound signal from the GFZ GRACE monifiklds is isolated
by applying a pattern matching algorithm to determine tlvatimn and orientation
of the rebound signal, and then the GRACE signal is compatidd the results

from a simple Earth model based on RSL data in Fennoscandia.

4.1 Pattern matching

We use a simple method to identify the location and orieomadi the rebound area.
The uplift signal is modelled assuming an ellipsoidal shafine area with semi-
major axis &1070 km and semi-minor axis4690 km, associated with a specific
pattern of the gravity variation. The peak amplitude of thigrn signal is assigned
from the GFZ GRACE results (1,2Gallyr). Different methods to model the uplift
shape were tested in Daubner (2003). A linear increase fneredge to the centre
would yield a cone. Another possibility is a hemisphere. Vdgehchosen a two-
dimensional cosine-surface with the maximum gravity cleamgthe centre and
decreasing gravity change values towards the edges, wharcterises an elastic
deformation quite well. The pattern matching algorithmpgléed to the GRACE
results, the expected uplift signal as presented by Ekmaiviikinen (1996) from
gravity and tide gauge analyses, as well as to the geodyabmimdelling results

(e. g. Lambeck et al., 1998; Steffen and Kaufmann, 2005).

Figure 5a shows again the trends derived from the GFZ GRAQH&sfievhich
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includes the GIA signal as well as possible hydrological threo signals, while
figure 5b shows the result from the pattern matching algaritim the matching

process, the simple pattern model is only allowed to beeghifbetween 60N to

7°N and 10E to 30E) and rotated. In this manner, the centre of the uplift area

is determined at latitude 8M and longitude 2€E. The misfity? = 9.9 is accept-
able for this simple approach. The direction of the semiemakis of the uplift
model is found to be oriented from SW to NE with an azimuth o612which is
in agreement with the results from Miller et al. (2006b)teAfsubtraction of the
pattern matching result, the rebound signal nearly vasighéhe Fennoscandian
centre (figure 5d). The outer parts of the uplift signal ailevssible, which can be
explained, e. g., by the simple pattern model and existirmguainties and unmod-
elled signals in the GRACE results. Nevertheless, thislresquite promising for

further studies.

Figure 5

4.2 Comparison with geodynamical modelling

In a last step, the GFZ GRACE monthly solutions are compaigdresults from a
geodynamical modelling, presented and extensively desdiin Steffen and Kauf-
mann (2005). The modelling, which is part of the softwarekpge ICEAGE (Kauf-
mann, 2004), is based on an iterative procedure in the gppatamain, follow-
ing the pseudo-spectral approach outlined in Mitrovicale{l®94) and Mitro-
vica and Milne (1998). Steffen and Kaufmann (2005) deteedia simple 3-layer
Earth model (lithosphere, upper mantle, lower mantle;sicd core as assumed
lower boundary condition) with the help of the global ice mbRSES (Research

School of Earth Sciences, Canberra) and the Fennoscan@km&a. The Earth
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model is spherically symmetric (1D), compressible and Melkwiscoelastic. The
best fitting Earth parameters found by the authors are asjihere thickness

H, = 120 km, an upper mantle viscosity,; = 4 x 10 Pa s and a lower mantle
viscosityny = 10% Pa s. The software package ICEAGE is also used to calculate
the secular gravity change in Fennoscandia on the basisedbdht fitting Earth

model.

The secular gravity changes from the geophysical mode#egdepicted in fig-
ure 5c together with the GFZ GRACE trends (figure 5a). Thetionaf the uplift
maximum from the geophysical model and its value of 1.&al/yr agree quite
well with the GRACE results, but the extension of the upliéa from the geo-
physical modelling is stronger directed SW to NE, which isibally due to the
geometry of the ice-sheet model. In addition, the diffeegnetween the two results
can be partly related to the isotropic filtering and the sariphrth model. Another
discrepancy between GRACE and the geophysical modellisigiteecan be seen
around Svalbard and the Barents Sea. Here, the modelling st®ws a positive
gravity change due to the isostatic adjustment after thedoBarents Sea glacia-
tion, in contrast to a negative gravity change observed bpGR When removing
the geophysical model from the GRACE signal, the differsringhe Barents Sea
region are more distinct (figure 5e). Moreover, Figure 5eashslightly negative
differences of about 0.AGal/yr in the whole Bothnian Gulf, and the bulges in the
GRACE uplift signal manifest as peaks in the differencegloith values of more
than 0.5uGallyr northwest of Norway and east of the Kola Peninsulaaddi-
tion, significant differences exist mainly east of Svalbarthe Barents Sea. While
GRACE is quite successful in tracing the former glaciatiognature in North
America (Tamisiea et al., 2007), noticeable differencethogeophysical model

exist over Barents Sea, which may indicate that understgnafi the deglaciation
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and the rebound process in this area has to be revised. loahiction, it should
be noted that the positive trend predicted with the geodyceirmodelling over
the Barents Sea is mainly induced from the chosen ice moelgliining further

investigations.

5 Summary and Outlook

Temporal gravity variations are investigated in Fennod@armased upon the
GRACE monthly gravity field solutions from the three main lgse centres GFZ,
CSR and JPL. The focus is on the analysis of secular trendhd¢oextraction of
the land uplift signal, employing different filtering teaboes. Hydrological and
geodynamic models are also utilised for comparisons. ThA@Rdata clearly
show temporal gravity variations in Fennoscandia, whigiargood agreement
with other GIA studies (e.g. Lambeck et al., 1998; Milne et2001; Johansson et

al., 2002; Muller et al., 2006b; Lidberg et al., 2007).

The choice of the best processing and filtering algorithimsetapplied to the var-
ious data sets is still a critical issue. Especially the rsmtropic filter techniques
may still need improvements for post-glacial rebound &sidbo far, the Gaussian
filter is considered as the best choice, which is also relatdtle location of the
study area in high latitudes, where the non-isotropic matfithe GRACE noise is

less obvious than in lower latitude areas.

Using the Gaussian filter with 400 km smoothing radius, thiftupaximum is
found in the Bothnian Bay with around 1.Z5al/yr for the GFZ solution. The CSR
and JPL solutions yield up to 20% smaller maximum values &égttsy move the

peak towards the west, which is not in agreement with thegaddent terrestrial
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measurements. The calculated GRACE GFZ value is somewfat ldhan the ex-

pected 1:Gallyr, but this is not statistically significant.

Besides the GIA signal, two peaks with positive trend valoeabout 1.Gallyr

exist in central eastern Europe. Obviously, these pateaot GIA-induced, and
therefore may be related to hydrology. Unfortunately, thhe employed global
hydrology models WGHM and LaDWorld do not explain theseldesd at the mo-
ment, indicating that the global hydrology models need toevésed regarding the

trend components.

A pattern matching algorithm is used to localise the upfifiea confirming basically
the previous findings from Mdller et al. (2006b). The cendfdhe uplift area is
determined at latitude 6Ml and longitude 2TE. The area is oriented from SW
to NE with an azimuth of 125 Furthermore, a 1D Earth model was used for
comparisons with the GRACE land uplift signal. The locatadrthe uplift centre
from the geodynamical modelling and GRACE agree well, bet geophysical
model yields a slightly larger maximum value of 1.8&al/yr. Small differences
occur in the orientation and the extension of the uplift avdach may be clarified

in the near future with revised filter techniques and moraeefiEarth models (e. g.

3D models).

Compared to former studies (Muller et al., 2005, 20064l®,separation of the
individual signal parts is still a challenging task, but tbager time span of the
GRACE observations and better reduction models for thdlisatdata facilitate
the investigation of GIA-induced mass variations. A congzar of the GRACE
results with terrestrial data, such as absolute gravitysueaments (Gitlein et al.,
2008), may help in the future to discriminate between dif¢lGRACE solutions

as well as different assumptions and parameters in the gsmahuplift modelling.
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Table 1

Maximum gravity change ipGallyr in the Bothnian Bay obtained from different GRACE
analysis centres after application of different filter teignes. G400= isotropic Gaussian
filter with 400 km radius. HO5= non-isotropic filter after Han et al. (2005b). SW&&de-

striping filter after Swenson and Wahr (2006) and additi@elissian filtering with 400 km
radius.

Analysis centre G400 HO5 SWO06

GFZ 121 0.79 0.99

CSR 1.16 0.76 0.90

JPL 095 0.61 0.76
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Fig. 1. GPS-derived uplift velocity field after Lidberg et £007). The GPS stations are
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Fig. 2. Secular trends computed from GFZ GRACE monthly sast using different fil-
ters: a) Gaussian (isotropic) filter with 400 km radius, bnN®otropic filter after Han et
al. (2005b), c) Destriping filter after Swenson and Wahr @0ihd Gaussian smoothing
with 400 km radius. Units argGallyr.
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Fig. 3. Secular gravity variation after Gaussian filteririgw400 km radius in Fennoscandia
determined from GRACE monthly solutions as provided by G&Z CSR (b) and JPL (c).
Units areuGallyr.
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Fig. 4. Secular trends in Fennoscandia computed from GFZ@Rvonthly solution (a)

as well as global hydrology models WGHM (b) and LaDWorld (dpits are mm/yr, in

columns of equivalent water thickness. Here, the time spathg hydrology models and
the GRACE solution covers only 46 months.
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Fig. 5. Secular gravity variations in Fennoscandia derivech the GFZ GRACE monthly
solutions (a), the pattern matching algorithm (b), and geachical 1D modelling (c). Dif-
ferences between GRACE results and the pattern matchiogtaig as well as the geody-

namical model are shown in (d) and (e). Units af@al/yr.
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