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Abstract

Since 2002 the Earth’s gravity field is globally observed ey Gravity Recovery and Cli-
mate Experiment (GRACE) satellite mission. The GRACE miynginavity field solutions,

available from several analysis centres, reflect masstiargin the atmosphere, hydro-
sphere and geosphere. Due to correlated noise containkdse solutions, it is, however,
first necessary to apply an appropriate filtering techniqie resulting, smoothed time

series are applied not only to determine variations witfedght periodic signatures (e.qg.,
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seasonal, short and medium-term), but to derive long-gerimass variations and secular
trends as well. As the GRACE monthly solutions always shartkegral effect of all mass
variations, for separation of single processes, like th& (&lacial isostatic adjustment)-
related mass increase in Fennoscandia, appropriate i@tnabdels (e.g. from hydrology)

are necessary.

In this study we show for the example of the Fennoscandiaift apta that GRACE so-
lutions from different analysis centres yield consideyattifferent secular trends. Further-
more, it turnes out that the inevitable filtering of the mdytiravity field models affects
not only the amplitudes of the signals, but also their spegsolution and distribution such
as the spatial form of the detected signals. It also becowiderd that the determination of
trends has to be performed together with the determinafiper@adic components. All pe-
riodic terms which are really contained in the data, and salsh, have to be included. The
restricted time span of the available GRACE measuremeatgever, limits the separation
of long-periodic and secular signals. It is shown that vagythe analysis time span affects
the results considerably. Finally, a reduction of hydrataysignals from the detected in-
tegral secular trends using global hydrological models (W LaDWorld, GLDAS) is
attempted. The differences among the trends resulting fiffierent models illustrate that
the state-of-the art hydrology models are not suitableHigrpgurpose as yet. Consequently,
taking the GRACE monthly gravity field solutions from one tenchoosing a single filter
and applying an insufficiently reliable reduction modedeaometimes to a misinterpreta-
tion of considered geophysical processes. Therefore, asd¢dhbe cautious with the final

interpretation of the results.

Key words: GRACE, filtering, mass variation, glacial isostatic adjosht, global

hydrology models
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1 Introduction

In the past 5 years, results from the Gravity Recovery anth&k Experiment
(GRACE) have improved our understanding of mass variatamsmass transport
in the Earth system, which includes processes in the atneospthe oceans, the
hydrosphere, cryosphere and geosphere. About 100 stusjasding GRACE or
using GRACE data are published every year in peer-reviewaerthgls (see e.g.
publication data bases GRACE, 2007). Next to studies mtlati¢he Earth’s grav-
ity field and its variation, quite a large number of studiedeslicated to GRACE
data preparation for subsequent geophysical interpoataivhich includes filter-
ing, tides and aliasing reduction, reduction models for @h&l/or hydrology and

many more. Hence, the scientific effect of the GRACE misssagniormous.

Previous studies showed that significant temporal gravityl fvariations can be
recovered from the GRACE monthly solutions, provided tragcpate filters are
employed (see e. g. Chambers et al., 2007; Crowley et alZ;2@0rison et al.,
2007; Niu et al., 2007; Rangelova et al., 2007; Swenson arftr V¥807; Tamisiea
et al.,, 2007; Barletta et al., 2008; Rangelova and Sidefi®82 Steffen et al.,
2008, 2009a,b; van der Wal et al., 2008). Independent stdd@ising on a spe-
cific region of interest, however, resulted in differentimsitions of mass varia-
tions. A prominent example is the ice mass balance in Gradrdad Antarctica.
Recent studies have provided substantially differentesldue to different anal-
ysis techniques, time spans and filter techniques usedysingl CSR Release
RLO1 data from April 2002 to August 2005, Velicogna and Wab0Q6) esti-
mated -148-60 kn?/year of ice mass loss for Antarctica. Adding three months
up to November 2005, Chen et al. (2006b) discussed mass lwsg the coast

of West Antarctica of about -Z714 km?/year, and accumulation in East Antarc-
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tica of about +88-16 knm?/year, the latter possibly resulting from unquantified

snow accumulation there or more likely due to unmodelled-gtecial rebound.
Ramillien et al. (2006) calculated an ice mass loss of=3® kmi/year from the
GRGS/CNES monthly solutions from July 2002 to March 2005aHy, Horwath

and Dietrich (submitted) estimated a decrease of £4®kn?/year from GFZ

Release RL0O4 from August 2002 to January 2008. Interestimghuge uncer-
tainty of aboutt40 km?/year contributes to the mentionedt8 kmd/year from the
model used by the authors for glacial isostatic adjustmerrection. For Green-
land, different ice mass loss results have been present&lmpgna and Wahr

(2005) (-82-28 kmi/year), Ramillien et al. (2006) (-12915 kn?/year) and Chen

et al. (2006a) (-23424 km’/year). The differences of the latter to the estimate of

Velicogna and Wahr (2005) is explained by Chen et al. (20@6de attributed
both to increased melting in the additional 1.5-year penbdheir investigation
time span and to improved filtering and estimation techrsqttowever, it is not
easy to conclude, which filtering and estimation technigueghe best. These brief
examples show how large the effect of different technigseanid they point at a
general discussion of their impact. A further conclusiothat all the error esti-

mates provided in these studies are overly-optimistic.

In this paper, we focus on several possible effects on the GRbBased results.
Therefore, we analyse different GRACE solutions from salvanalyses centres.
We vary the time spans, the filter techniques, and the setudad estimation

methodology. Additionally, reduction models for globaldnglogy are compared.

Section 2 gives an overview of the GRACE solutions used.dtiae 3, the process-
ing of the solutions is discussed, especially with respeepetiodical and long-term

variations to be found in the GRACE data. It is followed by @dst of possible ef-
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fects on the final interpretation of the results, such astfiaance of the chosen
analysis centre (section 4.1), the filter technique (secti@), the time span used
(section 4.3) and the reduction model, here for the anabfdiydrological effects

(section 4.4). Finally, a summary is presented in section 5.

2 GRACE solutions

This study makes use of GRACE solutions provided by severallyais centres,
such as the three main analysis centres at the UniversitgxdsTat Austin, Cen-
ter for Space Research (CSR), the Helmholtz-Zentrum PotsBeutsches Geo-
ForschungsZentrum (GFZ), and the Jet Propulsion Labgrdtii?L), Pasadena.
Furthermore, solutions from the Institute of Geodesy andi@ermation of the
University of Bonn (ITG) and the Centre National d'Etudesatiges (CNES),
Toulouse, are used. CSR, GFZ, JPL and ITG provide monthiitisols, CNES pro-
vides 10-day solutions. In addition, the GFZ offers now weealblutions as well.
Each solution centre carries out a so-called standard gsowgwhich includes the
reduction of oceanic and atmospheric contributions as aglidal effects using

different global models.

The number of the monthly, 10-day and weekly GRACE solutfmosided by the
analysis centres differs due to various reasons. For thdys68 GFZ monthly
gravity field solutions are available from August 2002 to Asg2008, with gaps
in September 2002, December 2002 to January 2003, June 88Q&auary 2004.
We used 75 and 73 solutions respectively from CSR and JPL Apnh2002 until
August (June) 2008, with gaps between June to July 2002,raeddne 2003. The
latter monthly solutions are missing from the three mairysiscentres due to ac-

celerometer data problems (GRACE, 2007). The ITG has rettthe ITG-Grace03
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time-variable fields as monthly means from January 2003 bouzey 2008. CNES
provides 10-day solutions from end of July 2002 to beginmh§eptember 2007.
Each monthly GRACE solution consists of a set of Stokes aeiffisC;,,, and.S;,,

up to degree and order 120 (GFZ, JPL), 70 (ITG), or 60 (CSR3.Il0xrday solution
of CNES contains coefficients up to degree and order 50. Thev@ekly fields are
given up to degree and order 30. GFZ, CSR and CNES also progidesponding

calibrated standard deviations.

In contrast to the other GRACE solutions, the ITG solutiomithe time domain
based on a parameterisation of the time-variable gravily g quadratic splines
with a nodal point distance of half a month (about 15 days)y@ftasurr, 2006,
2007). Additionally, the ITG variations are filtered by ayiph a regularization
matrix for each set of spherical harmonic coefficients. €hedividually weighted
matrices were defined based on the analysis of hydrology Imadd have a Kaula
type form (Mayer-Girr, 2006, 2007). The 10-day solutiol€dfES is based on the
running average of three 10-day data periods with weigtad @/0.5 (Lemoine et
al., 2007). They are determined from GRACE GPS and K-bangkraate data and
from LAGEOS-1/2 SLR data.

3 Processing the GRACE solutions

After the gravity field recovery by the analysis centres,tdraporal gravity vari-
ations are mainly related to hydrological signals, snowecplaroclinic oceanic
signals and other contributions such as GlA-induced sggralt residual signals
from a-priori reduction models are still present. Depegdin the region of interest
and the temporal signature of the effect, different deddgrocessing techniques

are applied to separate the signal. In a first step, espethalhigh frequency noise
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in the GRACE fields has to be filtered out by appropriate smogttechniques, as
these errors manifest themselves in maps of surface maabiity as elongated,
linear features, generally oriented north to south (stedadtripes, see Swenson

and Wahr, 2006, for more information).

To calculate secular and periodic variations, usually eegdnexpression of the

form

e, A\ t)=A+ Bt + > C;cos (wit) + D;sin (w;t) + €. Q)

is used. Here, the value of the considered functighé&.g., the gravity value,
geoid height, the gravity anomaly, or the mass anomaly) eliezted locatiorip, A)
and timet is approximated by a static valug and its secular®) and periodic
(amplitudes”; and D; of typical angular frequencies;) variations. The variable

characterises noise and unmodelled effects.

A crucial problem which arises in the determination of sactiends, or any other
systematic (regular) components of the signal, is thattmlhsomponents have to
be modelled simultaneously. Ignoring some systematic corapts contained in
the data or including some components into the model whiemat contained in

it, might bias the estimated parameters of the componernitéerest (here, secular
trends) considerably. The main reason is that the lengthefivailable data in-

terval is always limited. Therefore it may for instance happhat a part of some

unmodelled periodic variations is aliased into the seduéard, or vice versa.

Hence, the expression (1) is appropriate, if the signal adwésontain any other
systematic (non-stochastic) parts than the secular tredig@@riodic harmonic vari-

ations,and if the postulated frequencies correspond to real phypieabdic vari-
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ations contained in the data. However, if we can find a sedudad and a few
periodic terms such that their sum represents a major p#redbtal signal leaving
only rather small and irregular residuals, the modellingloaregarded as realistic.
Regarding the second problem it should be obvious that aéfapproach, which
postulates some base frequency and its overtones canmahggmthat all and only

those frequencies are considered, which correspond tagathysality.

There is no doubt that the time variations of the Earth gyaiéld contain strong

annual variations at every location. Semiannual variatioave been detected in
several water catchments, but not everywhere. Longergienariations have also
been detected in several regions (Rimbu et al., 2002; Gt@ne Peneva, 2002).
Hence, there is a very difficult question which periods arbegostulated when

applying equation (1).

Schmidt et al. (2008) presented a methodology which all@exdetermine basin-
specific periods contained in the data. It is based on a catibmof the EOF
(Empirical Orthogonal Functions) technique and a nondinflerm of frequency
analysis. This frequency analysis does not postulate gieimoadvance. They are
determined in the course of a nonlinear adjustment procegshwan be effected
using methods of global optimization. The pre-processiith ®OFs is necessary,
since the determination of pointwise varying periods fatividual locations is

instable and physically not interpretable.

Applying the methodology from (Schmidt et al., 2008) to dié#nt basins, differ-
ent time spans and differently filtered GRACE monthly gnavield series made
it possible to determine characteristic periodic termsides strong annual varia-
tions which have been found in all cases, semiannual anaiAger periodic varia-

tions have been found. One of the main results is that sem@&mariations can be
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demonstrated only in a few basins. Investigating the “dlttesin (i.e. all locations
situated on the continents) yielded a period of 2-3 yeamil&i low-frequency
terms were obtained for the majority of river basins. Suchogs cannot be de-
termined very accurately due to the limited time span uselddifferent long peri-
odic variations in different regions. Nevertheless, theuaacy assessment based on
Monte Carlo simulation proved the significance of theseateteperiods (Schmidt

et al., 2008).

Thus, when applying equation (1) for the determination ol trends it seems
reasonable to treat particular regions separately, andstufate periods charac-
teristic for the considered region. Of course, the religbdf the determination of

characteristic periods using the above (or any other) ndetlogy decreases with
the increasing period. In the Fennoscandian basin, whitgken as an example in
the following section, the frequency analysis from (Schretdl., 2008) combined
with the associated accuracy assessment detected a sighifieriod of 2.2-2.7

years, depending on the applied filter. Therefore, in theé section we postulate a

periodic term of 2.5 years.

4 Factors affecting the results

In this section we present and discuss the factors thattdffedinal interpretation
of secular trends obtained from GRACE observations. Focdneputation of these

trends equation (1) is rewritten as

i=3
g(p, A\ t)=A+ Bt+ > Cicos(wit) + D;sin (wit) + €. 2

1=1
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For each monthly solution, the gravity valugare computed on &22° grid using
filter techniques discussed in section 4.2. The secllarn(d periodic (amplitudes
C; and D; of typical periods associated with angular frequencigggravity vari-
ations are determined at each grid point over the correspgrione span. As the
origin of the time axis January 2003 is chosen. Indexes 1 and: = 2 denote
the annual and the 2.5-year period, respectively, botldiyiglsignificant contribu-

tions to the total signal (see the explanation at the endaifese3). The 161 day

period is included as index= 3 to reduce effects that may result from an insuf-

ficient ocean tide correction (aliasing), particularly iigtn latitude areas. Ray et
al. (2003) showed that aliasing exists for the S2, K2 and K&gj which results
in 161 day, 3.7 year and 7.4 year periods, respectively.@onions from K2 and
K1 are not well retrievable due to their long periods and therter time span of
available GRACE solutions, and are not included in model@2je to the limited
separability of these contributions from trends both tbeiitting or inclusion can

influence the determination of trends.

Our discussion comprises four different possible errorses; which may lead
to a false interpretation of GRACE results. We focus on GRA®HRItions from

different analysis centres, the filter technique, and thesiciered time span. Addi-
tionally, models for global hydrology, used to reduce thdrejogical part from the

total signal, are compared.

4.1 GRACE solutions from different analysis centres

In this section, we compare calculated global trends froen&ldifferent analysis
centres. During the gravity field recovery, every centreliappts own procedure

to compute the best GRACE solution possible. In additioerdtare differences in

10
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steps of these procedures, background and a-priori redustodels, which may

have a significant effect on the results.

Figure 1 shows the global secular gravity variatighif equation (2)) determined
from GRACE solutions provided by GFZ (a), CSR (b), JPL (c}3I{d) and CNES
(e), and subjected to Gaussian filtering with 400 km radidse fime span cov-
ers February 2003 to September 2007, which is the longesapyéng time span
available for every of the 5 analysis centres. Due to theopit Gaussian filter, the
stripe signature is indicated betweeriM@and S, except for the ITG solution, where
the regularisation has significantly reduced them. Seydr@homena are visible in
all solutions: the glacial rebound areas in North AmericéBennoscandia, the ice
mass loss regions of Alaska, Patagonia, Greenland and MWestéarctica and the
gravity signature of the 2004 Sumatra-Andaman earthqurdstive peaks also oc-
cur in Guyana and the Antarctic Peninsula. Negative peakfoand in the eastern
United States and in the Himalaya. In addition, a number aflen more regional

signals exists, which are not discussed here, and also mardiacts.

Figure 1

Comparing the results, only small differences regardirggrttaximum/minimum
values are found between GFZ, CSR and CNES. In contrastpthgons of JPL
and ITG produce smaller values, and for Greenland, the megficce mass loss is
smaller when compared to the other three. These differenitdead to different
results of yearly ice mass loss when using different sahstid-urthermore, the
uplift area in North America resolved from CSR monthly smos highlights two
peaks east and west of the Hudson Bay, while the GFZ solutiesepts only one
peak east of the Hudson Bay. ITG also shows the smallest s/étwethe 2004

Sumatra-Andaman earthquake.

11
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The comparison of the different GRACE solutions confirmg tha centre-specific
processing can have a large effect on the results and themtsic interpretation.
This should be kept in mind before investigating a specifissnariation using the

solutions of only one analysis centre.

4.2 Filter techniques

Several filter techniques, mainly non-isotropic, have bpehblished in the past
years (e. g. Han et al., 2005; Sasgen et al., 2006; SwensoNamg 2006; Kusche,
2007; Wouters and Schrama, 2007; Davis et al., 2008; Klegls, @008; Kusche et
al., 2009). They have been designed to reduce the correlatsd (stripes), but ac-
cepting the risk of removing real signals. In most applmagi, however, the Gaus-
sian filter is used (Jekeli, 1981; Wahr et al., 1998) for theAGE monthly gravity
fields as well as the so-called “destriping” filter from (Swen and Wahr, 2006).
After using these filters, stripes may still be visible up toumd 45N/S latitudes
when applying the Gaussian and to aroundN/S latitudes with the destriping
method. Furthermore, Han et al. (2005) developed a nomeigiatfilter based on
the Gaussian filter, but varying the smoothing radius withrwaic order, which
leads to a different compression of signals in the NS and Exgttion. Kusche
(2007) and Kusche et al. (2009) have presented a more effjgienedure to re-
duce stripes and spurious patterns, while retaining theasigragnitudes. An ap-
proximate decorrelation transformation is applied to tfenthly solutions, which
at the same time enables a smoothing to reduce the noise mgher frequen-
cies. It accounts for the GRACE orbit/sampling geometryingknto account a
priori information regarding the expected signal variggpibf the detected gravity

signals from hydrology but also from ocean models. ReceKtbes et al. (2008)

12
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presented a filter technique, which is claimed by the authethe optimal filter for
the GRACE monthly solutions. This filter, being non-isoim@nd non-symmetric,
incorporates the noise and the full signal variance-cavae matrix to tailor the

filter to the error characteristics of a particular montrdjusion.

Regarding the extraction of the signal to be investigateohfthe GRACE monthly
fields, the applied filter techniques cause a significanteffeteffen et al., 2008).
For our brief comparison, we have chosen two isotropic (Gaunsand Pellinen)
and three non-isotropic filter techniques (methods after étaal., 2005; Swenson
and Wahr, 2006; Kusche, 2007; Kusche et al., 2009). TheogmtiPellinen filter
(Jekeli, 1981) has a similar behavior like the Gaussianwlilit larger smoothing

of lower degrees and less smoothing for higher degrees Giginal.

Figure 2 shows the secular trer8l for Fennoscandia obtained from the GFZ
GRACE monthly solutions using equation (2) after applmatof the different fil-
ters: (a) the isotropic Gaussian filter with 530 km radius3®5 (b) the isotropic
Pellinen filter with 530 km radius (P530), (c) the non-ispicodestriping filter af-
ter Swenson and Wahr (2006) with start order o8 and an additional 340 km
Gaussian filtering (S340), (d) the non-isotropic filter aftan et al. (2005) based
on the Gaussian filter with 340 km radius (H340), and the sotropic decorrela-
tion filter DDK1 after Kusche (2007) and Kusche et al. (200#)ich corresponds
to a Gaussian filter with 530 km radius. The time span covezsnbnths from
February 2003 to May 2008. During the originally planned sius lifetime of

5 years, a temporal gravity change of more than 100 hii&#40 pGal ~ 3 mm
geoid change) was expected in the Bothnian Bay (Muller .e28I06), the uplift
centre of the glacial isostatic adjustment (GIA) procesBennoscandia (see e. g.

Scherneck et al., 2003; Steffen and Kaufmann, 2005; Ve20@6; Lidberg et al.,
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2007). Wahr et al. (1998) and Wahr and Velicogna (2003) sdathat the con-
figuration of GRACE is suitable to determine these magngyudad Steffen et al.
(2008) recently presented significant results with maxinmuuoiift values of about
1.2 uGallyear in the Bothnian Bay. Furthermore, Steffen et &10@b) calculated
up to 1.8uGallyear from absolute gravity measurements. Thus, thes fétdii for
each technique are chosen in such a way, that the noise ise@ds much as pos-
sible with less smoothing, but the results must also showngwamum uplift value
near the Bothnian Bay in the typical SW-NE directed uplifgt. When compar-
ing the different filter techniques it is possible to analtrse tradeoff between the
resolution, which depends on the chosen filter radius, amdicertainty in the re-
sulting average, but these relative performances in theeseithe Backus-Gilbert

inverse theory (Backus and Gilbert, 1970) are not addreissiik paper.

Figure 2

A comparison of the results from the 5 filtering methods higjttk large differences
(Fig. 2). G530 and the P530 pinpoint the uplift centre at tktyeeted location (see
e.g. GPS solution from Lidberg et al., 2007), but with langelift maximum for the
latter. Using G530, 0.85Gal/year are obtained, while P530 yields 1;43all/year,
which is a difference of about 70%. However, P530 indicatefr@ng NS direc-
tion of the uplift shape, which is related to the high frequemduced striping
effect. As G530 decreases these signal parts due to its matival structure much
stronger than P530, the uplift from G530 is directed morelsaest to north-east.

In contrast, the signal strength after applying G530 is lowe

The non-isotropic filters change the shape and orientafidimeoland uplift signal
much more to a south-west to north-east directed elliptapsh The maximum

values of 0.87:Gallyear for S340 and 0.82Gall/year for H340 are comparable
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to the value of G530. DDK1 yields 1.23Gallyear, which is still lower than the
P530 result, but the largest of the non-isotropic filterggéneral, the non-isotropic
filters cause a stronger smoothing compared to the isotfdfgcs, especially in
EW direction. Such smoothing resulting in an apparent coalece of two maxima
into one was shown by Steffen et al. (2009a) for the North Acaerrebound area.
As here the filters after Swenson and Wahr (2006) and Han @G45) distort the
structure that is known from independent terrestrial mesaments and geophysical
modelling, these two non-isotropic filters have been cared by Steffen et al.

(2009a) as less suitable for GIA investigations.

Our brief comparison shows that one has to be cautious whedidg which fil-

ter technique for the GRACE solutions is the best for the lemobto be studied.
Each filter affects the result by changing values and thecttre or shape of a
phenomenon. Regarding GIA, our study suggests that therfikehod of Kusche

(2007) and Kusche et al. (2009) seems to be adequate.

4.3 Different time spans

When aiming for long-term mass variations of the Earth systeeriodical vari-
ations have to be removed. The major effect results fromlyescles, but also
other, region-specific periods may be present (see seclidn d8ddition, aliasing
periods from tides and/or insufficient pre-processing magteDepending on the
period, an adequate time span of GRACE solutions has to beeohfor the most
accurate determination. Long-term secular variationf s1scGIA need long time
spans for a stable determination, as long-term periodiegsnthanges may dis-
tort the trend result. In figure 3 we demonstrate such anteffégs figure shows

the trendB in Europe obtained from the GFZ GRACE monthly solutions for 6
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different time spans. Each time span begins in February 20@3ends between
December 2006 and March 2008, adding three months in eaeltaaise former
time span. From the GRACE trend analysis, the GIA signhal inneéscandia as
well as a peak area north of the Black Sea are visible, withatter showing es-
pecially for the first two time spans larger values than tha &gnal. The signal
is decreasing when adding more months to the trend analyiitg the calculated
GIA signal remains showing only slight variations. Furthrestigations indicate
that this area spans the lower catchment basins of the Daiudsethe Dniester
and the Dnieper River. Here, a very long periodic hydrologgiation with more
than five years period exists, which is mapped into this tr@imis may be related
to decadal variations dominating the year-to-year Danube ¥lariations, which
have been found by Rimbu et al. (2002). They analysed thada¢wariability of
the Danube river flow in the lower basin. The increase in pitation and flow

during such a decadal variation could possibly yield thekgkscussed above.
Figure 3

Our example demonstrates the importance of knowledge ofmthes change pe-
riods in a selected region. A restricted time span of measemnés may limit the

separation of long-periodic and secular signals.

4.4 Hydrological reduction models

Due to the integral effect of different mass changes obsdoyeGRACE, the sep-
aration of the various contributions is a major goal in theAGIE analysis (see
e. g. Schmidt et al., 2006). One dominant effect occurs frguairdlogical mass

variations. In Fennoscandia and North America, these measges mask the sig-
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nal induced by GIA. Depending on the mass change that onetaimsestigate,
other effects have to be removed from the main signal. Ingbddion, we present
the secular mass change results for Fennoscandia fromdifiexent hydrological

models. We compare the results and discuss the reliabilityeomodels.

The first used hydrological model is the WaterGAP Global Heoyy Model
(WGHM, Dall et al., 2003), which was basically developedstmulate river dis-
charge within the framework of water availability and waise assessment studies
on a global scale (Guntner et al., 2007). For each grid ¢ell©x0.5°, the total
continental water storage (sum of snow, soil water, growtdry surface water in
rivers, lakes, reservoirs and wetlands) is calculated asederies of monthly val-
ues in mm of equivalent water thickness. No data are givethBboceans, Antarc-
tica and Greenland. The data used for this study cover thedo&om February

2003 to July 2007.

The second model, the Land Dynamics World (LaDWorld, Miltyaé, 2002) is
a series of retrospective simulations of global continewater and energy bal-
ances, created by forcing the Land Dynamics (LaD) modell{\éil al., 2002). Six
updates were released from the Continental Water, ClimatkEarth-System Dy-
namics Project from the U.S. Geological Survey (GFDL, 2007}his study, we
use version LaDWorld-Gascoyne and sum up the simulate@saiven in equiv-
alent water thickness (unit: mm) for snow water equivalsoil, water and shallow
ground water in order to obtain the total water storage. Tdia dre also provided

in monthly solutions from January 1980 until July 2007, buaix1° grid.

The last model used is the Global Land Data Assimilation@ugiGLDAS, Rodell
et al., 2004), which is generated by "optimal” fields of landface data such as

soil, vegetation and elevation, and which is forced by mlétidatasets derived
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from satellite measurements and atmospheric analysespHtial extent is all land
north of 60'S with a resolution of the monthly fields of¥1°. GLDAS is frequently
updated, but we use the monthly solution from February 260QRity 2007 to be

consistent with the other two hydrology models.

For further investigations, the GRACE potential coeffitgegre converted into cor-
responding models of columns of equivalent water thicknesiisg the equations
(4) — (15) given in Wahr et al. (1998). In order to compare thérblogical models
to the GRACE data, the hydrological models are smoothedrdirggly by Gaus-

sian filtering with 400 km radius, and then resampled t&x&@2grid.

In figure 4a, the GRACE trend in Fennoscandia is shown for th& GRACE
monthly solutions from February 2003 to July 2007. The tréhttom GRACE,
calculated according to equation (2) with periods of 161sgldyyear and 2.5 years,
yields a maximum of 31 mm/year. Figures 4b to d illustratedbeular variations
derived from the hydrological models WGHM, LaDWorld, and [BAS, respec-
tively. These trends are calculated in the same way as theé frem GRACE, but
without including the period of 161 days. The comparisoadieshows discrepan-
cies between all hydrological models. WGHM highlights aipes trend of about
16 mm/year in Central Scandinavia and a negative trend afwhZyear in the East
European Plains. In contrast, LaDWorld and GLDAS vyield osityall long-term
trends in western Europe of less than 10 mm/year, while eaghEurope expe-
riences a decrease of -16 mm/year for LaDWorld and -23 mmfgpeeGLDAS.
The decrease for the LaDWorld result is located further eortarth as compared
to the ones of WGHM and GLDAS. The extension is comparablé¢arésult of
GLDAS. Here, results show a minimum in eastern Europe, whédeextension vis-

ible for WGHM comprises a much smaller area. Compared to tRACE results
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in Fennoscandia, the contribution from all hydrology madslmuch smaller than
the detected GRACE trend signal. The hydrological effeets/dd from LaDWorld

and GLDAS in the region of interest are nearly negligiblecamtrast, the WGHM

results indicate larger hydrological effects over the veh®tandinavian Peninsula.

The distance between the GRACE-derived maximum signal e@dMGHM hy-
drology maximum is about 300 km, and when subtracting thedigdy model
from the GRACE results, the uplift peak remains in the BadhriBay with a mag-

nitude of more than 20 mm/year.

Figure 4

The reliability of the employed hydrology models regardiogg-term investiga-
tions may be questionable, especially as strong diffeebetween the models
exist. Therefore, all models probably need to be improveanding their long-
term components, before being systematically usable fogg-term investigations

in combination with GRACE data.

5 Summary

We have investigated several possible effects on the GRASHts using different
GRACE solutions from several analyses centres. In a firgt, ste have briefly
analysed periodical terms to be found in the GRACE data. Mrerave varied
time spans and filter techniques and finally compared glojm#idiogy models that

may be used for hydrological reduction.

Our results show that the centre-specific processing cam aarge effect on the
results and likewise their interpretation, which shouldkeépt in mind before inves-

tigating a specific mass variation using the solutions o amle analysis centre.
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A comparison of results from the 5 different isotropic andh+igotropic filtering
methods demonstrates that one has to be cautious whenragwilich filter tech-
niques for the GRACE solutions is the best for the problenetsthdied. Each filter
affects the result by changing values and the structureapesbf a phenomenon.
Depending on the period to be investigated, an adequatesiware of GRACE so-
lutions has to be taken for the most accurate determinafioastricted time span
of measurements may limit the separation of long-perioditsecular signals. The
reliability of the hydrology models employed in our studyjigestionable regarding
long-term investigations, especially as strong diffee=ngetween the models exist.
Therefore, for GIA studies in Fennoscandia and similarstigations, all models

have to be improved regarding their long-term components.

Generally, one has to be cautious with the final interpretatf the results. The
filtering of the gravity fields, different time spans and eiffnt GRACE solutions
affect the interpretation, as the amplitudes of the sigaatior their spatial resolu-
tion are influenced. The use of different reduction modelg (érom hydrology),

the selection of the filters or a change of the analysed tiraa spn lead to misin-
terpretation of the considered geophysical processeksdtteecomes evident that
the determination of trends should be performed togethikrtive determination of
periodic components. However, it is only appropriate tdude such periodic terms
which are really contained in the data, and which can coresgityube detected as

significant.
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ACCEPTED MANUSCRIPT

a) b)

Fig. 1. Global secular gravity variation after Gaussiarefiltg with 400 km radius deter-
mined from GRACE monthly and 10-day solutions as provide@By (a), CSR (b), JPL
(c), ITG (d), and CNES (e). The time span for each solutiortreeis February 2003 to
September 2007. Units ar&allyear.
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Fig. 2. Secular trends computed from GFZ GRACE monthly sast using different fil-
ters: a) Gaussian (isotropic) filter with 530 km radius, b)liRen (isotropic) filter with
530 km radius, c) Destriping filter after Swenson and Wahf@@nd Gaussian smooth-
ing with 340 km radius, d) Non-isotropic filter after Han et &005), e) non-isotropic
decorrelation filter DDK1 after Kusche et al. (2009). Thedispan is February 2003 to
May 2008. Units are.Gall/year.
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ACCEPTED MANUSCRIPT

10°E

Fig. 3. Secular trends computed from GFZ GRACE monthly sahst using Gaussian
(isotropic) filter with 400 km radius but different time sgaffom February 2003 to a)
December 2006, b) March 2007, ¢) June 2007, d) September @DDécember 2007, and
f) March 2008. Units argGallyear.
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Fig. 4. Secular trends in Fennoscandia computed from GFZ@Rvonthly solution (a)
as well as global hydrology models WGHM (b), LaDWorld (c) &8dDAS (d). Gaussian
filter with 400 km radius was used. The time span is Februa®326 July 2007. Units are
mm/year, in columns of equivalent water thickness.
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