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Abstract. We present regional-scale mass balances for 25area constitutes about half the AIS imbalance, contributing

drainage basins of the Antarctic Ice Sheet (AIS) from satel-151+ 7 Gtyr ! (ca. 0.4 mmyrl) to global mean sea-level

lite observations of the Gravity and Climate Experiment change. Most of this imbalance is caused by ice-dynamic

(GRACE) for time period January 2003 to September 2012 speed-up expected to prevail in the near future.

Satellite gravimetry estimates of the AIS mass balance are

strongly influenced by mass movement in the Earth inte-

rior caused by ice advance and retreat during the last glacial

cycle. Here, we develop an improved glacial-isostatic ad-1 Introduction

justment (GIA) estimate for Antarctica using newly avail-

able GPS uplift rates, allowing us to more accurately sepaThe current mass balance of the Antarctic Ice Sheet (AlS),

rate GIA-induced trends in the GRACE gravity fields from and its response to a changing global climate, is challenging

those caused by current imbalances of the AIS. Our reto assess due to the spatio-temporal gaps in the meteorologi-

vised GIA estimate is considerably lower than previous cal and glaciological instrumental records. Although satellite

predictions, yielding an estimate of apparent mass changeeasurements have considerably improved our knowledge

of 53+ 18Gtyr 1. Therefore, our AIS mass balance of on the state of the AIS, estimating an accurate mass bal-

—114+ 23 Gtyr lis less negative than previous GRACE es- ance and associated contribution to global sea-level change

timates. The northern Antarctic Peninsula and the Amundseiis difficult due to incomplete spatial coverage of the data

Sea sector exhibit the largest mass los8§+ 3 Gtyr and  sets, and/or the diverse processes influencing the satellite

—1274+ 7 Gtyr1, respectively). In contrast, East Antarctica measurements. For example, surface-elevation trends of the

exhibits a slightly positive mass balance 263 Gtyr1), AIS acquired with laser or radar altimeters need to be cor-

which is, however, mostly the consequence of compensatrected for the spatially and temporally heterogenous firn

ing mass anomalies in Dronning Maud and Enderby Landcompaction (e.gHelsen et al.2008 to infer mass trends.

(positive) and Wilkes and George V Land (negative) dueThe input—output method (e.dRignot et al, 200§ 2011

to interannual accumulation variations. In total, 6 % of the Joughin et a].2010 also relies on estimates of the surface
velocity and ice thickness close to the grounding line of
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variable quality. There also may be a bias in the extrapola-stations along the coast of Antarctica. Inland stations began
tion to areas of relatively poor datRignot 2008, and there  to be deployed only after austral spring of 1995 (&Rgy-
is some uncertainty in converting surface velocity to depth-mond et al, 2004). The analysis of GPS data now collected
averaged velocity. are beginning to provide a robust complement to the longer
While determining mass trends comparably directly from IGS time seriesThomas et a).2011), as they bound — al-
satellite gravimetry data of the Gravity and Climate Exper- though with larger uncertainty due to shorter records — GIA
iment (GRACE) has substantial advantages over other mean regions where the signal is expected to be large. Currently,
surements, the accuracy of AlS mass balances from GRACHowever, the longest, and hence most precise, GPS records
has been limited by a poorly constrained glacial-isostatic ad+emain along the coastal perimeter.
justment (GIA). The change in volume and extent of the AIS  In addition to GPS, also GRACE may represent a con-
during the last glacial cycle(s) imposed a varying load on thestraint on GIA in certain areas of Antarctica. During the last
Earth’s surface, inducing mass movement and surface defomglacial cycle, the dominant amount of ice mass retreated from
mation. Since the mantle material acts as a highly viscoughe major ice-shelf areas, inducing a peak GIA signal in the
fluid on these millennial timescales, the GIA of the Earth is gravity field. At the same time, contemporary ice-mass varia-
delayed with respect to the forcing, where the induced re-ions of and on floating ice shelves can be considered “trans-
sponse is governed by the viscosity of the Earth’s mantle angbarent” in the GRACE data, as the floating ice freely seeks
the temporal evolution of the ice sheet. Despite that the major freeboard height oceanward of the grounding line. Nev-
ice retreat associated with the last glacial cycle has ceased iartheless, the reliability of the GRACE estimate on Antarc-
Antarctica, GIA continues, causing an inflow of mantle ma- tic GIA remains limited due to superposition with the signal
terial and an upward bending of the lithosphere in large areagrom continental ice-mass changes or trends in the ocean be-
of the former glacial loads. In the periphery of the ice sheet orneath the ice shelves.
in areas with comparably recent accumulation increase, also The aim of the following investigation is to provide more
subsidence may occur due to the collapse of the peripheraccurate regional mass balances of the AIS based on an im-
forebulge and ongoing adjustment to additionally imposedproved correction for GIA. We develop this improved GIA
ice loads, e.g. in East Antarcticdvihs and James2005 estimate by rigorous analysis of available space-geodetic
Whitehouse et al.2012h Ivins et al, 2013; a rather com- measurements that measure the unique signal standout of the
plex GIA pattern is expected that very much depends on therocess itself. Although our approach resembles the global
poorly known lithosphere and mantle structure beneath theénversion of GRACE and GPS data presentedMy et al.
AIS. Nevertheless, GlA-induced trends in the Earth’s grav-(20108, it includes more accurate and spatially dense data
ity field and in the surface deformation are more and moreregionally. Furthermore, here we base the inversion on a
clearly revealed in Antarctica by space- and geodetic observricher ensemble of GIA forward models. It also differs from
ing systems, such as GRACE and GPS, respectively. the approach followed byvins and Jame$2005, White-
Several glacial reconstructions have been proposed fohouse et al(2012h andlvins et al.(2013, which is based
predicting GIA using viscoelastic Earth models. These areon selecting from a suite of GIA scenarios those that fit geo-
based on geomorphologic constraints on the past ice heigHbgic and relative sea-level constraints and —in the case of the
and extent (e.glvins and James2005, thermomechani- W212a modification \(Vhitehouse et al2012}) in the south-
cal ice sheet modelling (e.¢duybrechts 2002 Ritz et al, ern Antarctic Peninsula — GPS uplift rates, without attempt-
2001, and — considering GIA-induced surface deformationing to formally minimize the misfits to both space gravime-
and gravity field changes of the Earth — on indicators of thetry and terrestrial GPS data. In contrast to the approach of
past relative sea level (e.tambeck and ChappelR00Z%; Riva et al. (2009, altimetry data are not used in our in-
Peltier 2004, as well as a combination of these approachesversion due to the persisting problem of relating surface-
(e.g.Bassett et al 2007 Whitehouse et al2012a b). How- elevation trends to mass trends. Unless stated otherwise, all
ever, due to the sparsity of constraints on the ice sheet evoluSRACE mass balance and acceleration values provided rep-
tion during the last glacial cycle, both in space and time, theresent error-weighted means with 2-sigma uncertainties for
ambiguity introduced by the poorly known mantle viscosity the results based on the GRACE coefficients CSR RL05 and
beneath Antarctica, and the complexity of the ice-dynamicGFZ RLO5 for the time period January 2003 to September
processes involved, the reconstructions and associated GI2012.
predictions substantially differ in their magnitude and spatial
pattern, causing a large uncertainty in the mass balance es-
timates from GRACE (e.(Barletta et al.2008 Chen et al. 2 Data and methods
2009 Thomas et a).2017).
In this context, GPS uplift rates in Antarctica are an im- 2,1 GRACE filtering and inversion
portant constraint on GIA. Records of surface deformation
dating back to the late 1990s are available from stations oHere, we use 113 monthly mean solutions of the Earth’s grav-
the International GNSS Service (IGS) located near researcity field derived from data of the GRACE satellites spanning
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the time interval January 2003 to September 2012. We adopt Dronning Maud Land

the GRACE gravity field solutions of release version 5 2 %,
(RLO5) of the processing centres German Research Cen: Larsen "*(OO

tre for Geosciences GFZ, Potsdam, Germany (GFZ RLO05; lce Shelf 3 g
Flechtner 2007, and the Centre for Space Research at Uni- ggpam 25 . "0 £

versity of Texas, Austin, USA (CSR RLO5;Bettadpuy Land o4 9 Amery

2007, which are publicly available as Stokes potential coef- foe Saelf

ficients complete to degree and order 90 and 60, respectively selinghausen -
at http://isdc.gfz-potsdam.deFollowing the recommenda- ea 23 3 N
tion of Bettadpur(2007), the poorly determined GRACE co- 21 177 16
efficient of degree 2 and order O is replaced in CSR RLO5 by~ A™nenses i@iyo [i18
an estimate from satellite laser ranging (SL&heng and Ta- 1 W2on 12
pley, 2009, whereas the degree 1 coefficients are completed v .15
with estimates from SLR trackingCheng et al.2010), ac- il 13 &"&
cessible vidhttp://grace.jpl.nasa.gov/data/degredtighould 14 \@\\@
be stated that global GPS data are involved in the SLR-based
determination of the degree 1 coefficients, due to the sparsEig- 1. Division of 25 Antarctic drainage basins investigated in this
and inhomogeneous coverage of SLR tracking stations. ~ Study (afterRignot et al, 2008 Zwally and Giovinetto2011)

In this paper, we apply the band-pass-filtering function
presented irBasgen et a(20123, as well as the coefficients
of the forward model, to regionalize the representation ofdent on the definition of a priori mass distribution and accu-
the gravity field and reduce noise in the uncertain low- andrate to< 10 % (Sasgen et al2012h.
high degree and order coefficients (see SupplemBat)etta
et al.(2012 have shown a considerable influence of the cur-2.2 GPS data
rent mass loss trends (and accelerations) in Greenland and
Antarctica on the degree 1 coefficients. The dominant trendThe GPS uplift rates used in our study are those presented
however, is caused by GIA in North America, causing a geo-and provided byThomas et al(2011). The rates are ob-
centre motion rate between 0.1 and 1 mmlyrdepending tained from time series of vertical motion, with the time
on the mantle viscosity and the glacial histokf§mann and  span varying from station to station, the longest being from
Martineg 2011). Considering that observational estimates the year 1995 to 2010. We use the two sets of elastic cor-
for the degree 1 coefficients are uncertain and show largeections provided inrhomas et al(2011), which are based
deviations between difference methods (®grletta et al. on mass balance estimates from the IOM and ice-mass
2012, we confine the adjustment to coefficients of degreetrends derived from ICESat satellite laser altimetry. Although
and order 2 to 60. The geocentre motion velocity of the ad-Shepherd et ak2012 showed that mass balance estimates
justed forward model, however, is shown to agree with thefrom both methods agree within their uncertainty for large-
SLR estimate byCheng et al(2010 (see Supplement). scale averages over the AIS, results are divergent for re-

The temporal variations in the gravity field are inverted gional to local scales; the elastic correction differs up to
for mass changes of the AIS using the forward-modelling ap-about+1.5mmyr!, particularly over the Filchner-Ronne
proach detailed in Appendix A @asgen et a(2010. A pri- Ice Shelf region and East Antarctica. Another problem arises
ori, this involves the calculation of the gravity field changes because the elastic correction rates from IOM and ICESat
induced by a prescribed mass distribution within 25 drainageare not based on the same time span as the GPS uplift rates,
basins (Figl); here, surface-ice velocity fields used for the giving concerns about an inconsistently reflecting interan-
input—output method (IOM;Rignot et al, 200§ are con-  nual accumulation-driven elastic deformation. Nevertheless,
sidered as an indication of where mass changes should bee consider the IOM method, which contrasts the average
expected, assuming that recent imbalances primarily occuaccumulation between 1980 and 2004 with the glacial dis-
in regions of fast glacier flow. The main effect is that masscharge in 2006Rignot et al, 2008, to be most appropriate
changes are concentrated along the margin of the ice shedgr correcting the long-term GPS records for the elastic de-
which is a more realistic approximation for ice-dynamic as formation. The ICESat-based elastic deformation provided
well as accumulation-driven mass imbalances than assuminig applied as an alternative correction to capture some of the
a uniform mass distribution within each basin. The forward uncertainty related to contemporary mass variations.
model is then regionally adjusted by the least-squares method The GPS stations of the northern Antarctic Peninsula
to fit the GRACE observations. The inversion method is sim-(OHI2, ROTB and PALM) tend to exhibit a kink in the time
ilar to the one used b$chrama and Woutef2011) in the series of the vertical component after the Larsen Ice Shelf
sense that a modelled signal is fitted to the spatial GRACBbreakup in 2001Thomas et a).2011). Here, we include es-
monthly solutions. The inversion results are weakly depen-imates of the vertical motions for these stations prior to the
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breakup event of 2002, though the crustal motion is likely bution or glacial reconstruction taken there. However, it still
to be a mixture of viscous and elastic responses that haveelies on three roughly similar glacial reconstructions (not
memory of the losses prior to 200Ri@not et al, 2005. including all geomorphological data available today) and a
The complexity of the response is exacerbated by the quitdéimited range of mantle viscosity distributions; including re-
low asthenospheric viscosity that occurs in mantle adjacengional advance and retreat scenarios, which are not captured
to the Bransfield Strait and a young mantle slab windowby the glacial histories, or a more complex rheological struc-
(lvins et al, 2011, Simms et al. 2012 Nield et al, 2012. ture underneath Antarctica such as a ductile crustal layer (e.g.
Also, for SMRT, only GPS uplift rates prior to 2002 are in- Schotman and Vermeerset005, may influence the result-
cluded, despite the fact that the station record does not exing AGE1 GIA estimate and its uncertainty range. Never-
hibit a significant change of the trend from 2002 until ceas-theless, AGE1 represents a GIA estimate, alternative to the
ing measurement in early 2005Homas et a).2011). We predictions oflvins and Jame$2005 or Whitehouse et al.
thus include 46 GPS estimates of uplift rates for 35 mostly(20123, for correcting GPS, GRACE and altimetry trends in
near-coastal locations along with their uncertainties as a nevAntarctica.

constraint on GIA. We assume uncorrelated errors, also for

co-located GPS sites, despite that the GPS processing m&3;1 Modelling of the GIA in Antarctica

rely on the same clock and orbit estimates causing correlated

station estimates. The GPS uplift rates are corrected for sute predict GIA with the viscoelastic Earth model Mdiar-

face deformation arising from the Northern Hemisphere GlAtinec (2000, which solves the governing equations of a
(and present-day ice-mass balance in Alaska, Greenland arldaxwell-viscoelastic continuum with the spectral-finite el-
Ellesmere Island) that are related to two effects: (i) a shift ofement approach and an explicit time scheme. Rotational de-
the centre of figure with respect to the centre of mass of thdormation is implemented, as well as the sea-level equation,
Earth, in which the GPS data are supplied, as well as changealowing for the migration of coastlinedHégedoorn et al.

in the Earth’s rotation; and (ii) surface deformation caused by2007). Here, the Earth model is run with spatial resolutions
the uplift of all continents by the ocean loading since the Lastof spherical-harmonic degree and order 170 (equivalent to
Glacial Maximum. Using the first-order global inversion es- 118 km). We consider as free parameters of the model the
timate from GRACE, we estimate this correction to amountviscosity of the upper and lower mantbgyym andnim, re-

to 0.03+ 0.08 mmyr ! at the location of the GPS stations.  spectively, as well as the thickness of the elastic lithosphere

he.
We force our viscoelastic Earth model with three load his-
3 Improved estimate of Antarctic glacial-isostatic tories, derived from three published glacial reconstructions
adjustment of the AIS, LH1 (after Huybrechts 2002 version digitized

from publication), LH2 (afterPeltier, 2004 publicly avail-
In the following, we will distinguish between a GIA pre- able) and LH3 (afterlvins and Jame<2005 personal com-
diction, obtained by applying a glacial reconstruction to a munication). For LH2, the maximum ice height of the disc-
viscoelastic Earth model assuming a set of Earth modekhaped loading centred at the pole was reduced from 765 to
parameters, and a GIA estimate, obtained by inversion o#44 m in order to obtain a smooth transition to neighbour-
(space-)geodetic measurements. In this sense, the load hisg regions. To obtain regional retreat histories, we subdivide
tories of lvins and Jame42005 and Huybrechts(2002 the AIS into five sectors (see Fig. 1 in Supplement): Antarc-
and Peltier (2004 are glacial reconstructions, and the as- tic Peninsula (AP), Filchner-Ronne Ice Shelf (FRIS), Ross
sociated present-day Earth response is a GIA predictionlce Shelf (RIS) and Amery Ice Shelf (AMIS), and the re-
In contrast, the GIA signals inferred yiva et al.(2009 maining parts into East Antarctica (EAIS). The criteria for
(Antarctica, from ICESat and GRACE) aldu et al.(2010b the division are to capture areas with substantial ice retreat
(global, from GPS and GRACE) are considered GIA esti-in all load histories LH1, LH2 and LH3, and to encompass
mates.Whitehouse et al(20123 performed extensive GIA the main clusters of GPS stations recording the regional GIA
modelling to derive an Antarctic glacial reconstruction val- signals. That is 6 stations in AP, 14 in FRIS, 13 in RIS,
idated, in part with present-day measuremekthi(echouse 4 in AMIS, and 9 in EAIS . We then predict the global
et al, 20121. These results can be considered a GIA for- GlA-induced rate of radial displacement, (in the centre of
mal prediction. It should be emphasized that we do not atimass), and rate of geoid-height change(in the centre of
tempt to evaluate the glacial histories our GIA predictionsfigure), subject to the forcing of each per-sector subdivision
are based upon. But we aim at providing a new empirical(r = 1 through 5, corresponding to AP, FRIS, RIS, AMIS and
estimate of Antarctic GIA along with its uncertainties here- EAIS) of each load history LH1, LH2 and LH3. The calcu-
inafter called the Antarctic glacial-isostatic adjustment esti-lation is repeated for each per-sector load history adopting
mate version 1 (AGE1). Due to a broader sampling of thefour different radial-symmetric viscosity distributions VD1
parameter space compared\W et al. (20103, AGE1 is  through VD4 (Tablel). The thickness of the elastic litho-
more independent from assumptions on the viscosity distrisphere is held constant at 100 km, except for EAIS (150 km)

The Cryosphere, 7, 14991512 2013 www.the-cryosphere.net/7/1499/2013/



|. Sasgen et al.: Antarctic mass balance from GRACE and improved GIA estimate 1503

Table 1.Upper and lower mantle viscosity values (Pa s) for the four Step 1 Step 2
applied viscosity distributions. GRACE gravity field trends . GPS uplift rates
(GFZ RLO5 and CSR RLOS) Ll (2 elastic corrections)
VD1 VD2 VD3 VD4 Alaska, Greenland, North America Antarcticaonly
+ 3LHand4 VD
Ensembl
oM 4x10%0  2x10%0 6x10%0  8x10%° 3Land s vDfor Ancarctica PRI (o cach of the ivesectors
1 1 2 2 (12 possibilities) (3% - 45 possibilities)
nLm 2% 102 5x 102 2% 102 4x 102 Per-sector distribution in Per-sector distribution

LH remains fixed in LH variable

35 parameters Remove Northern Hemisphere
and AP (60 km), where seismic tomography suggests consid (global) LI L T
erably greater and I_esser Ilthospherg thicknesses, respective e e T
(Danesi and M.orelll_ZOOJ; Kobayashll and Zhad004), even R — for al other sectors P
though there is evidence for a thinner lithosphere in AP over FRIS extracted (Antarctica)

(Yegorova et a).2011).

AGE1la (GPS only)

Permutation of all data and
forward-model combinations N{el:\e AR =)

3.2 First-order global inversion of GRACE trends

In this paper, we perform a two-step procedure towards im-ig. 2. Scheme of the two-step procedure to derive GIA estimates
proving Antarctic GIA estimates from GRACE and GPS based on GPS only (AGE1la) as well as GRACE and GPS combined
data (Fig.2). First, we estimate the temporal linear trends (AGE1D) based onan ensemble of forward models.

in the GRACE gravity fieldsggrace, for the time inter-

v_al January 2003 to S_eptemb_e_r 2012. We then perform ith, for example, palaeo-sea-level indicators in the near-
first-order g_lobal_ inversion by fitting a forward mode! of the ga1d of the ice sheet, it has the advantage of being mostly in-
rate of geoid-height changepred, to t.he peak signal in the dependent of assumptions on the viscosity distribution. Both
GRACE trends (see Supplement Fig. 5). The model Supery, e y4t4| sea-level variation during the last glacial cycle and
Imposess = 1 through 35 com_ponents descrlbmg the major the GIA signal over North America are constrained at a suffi-
trends due to (i) present-day ice-mass changes in Greenla ently accurate levelgasgen et 20128 for isolating and

(eig.ht basins)“, Ellesmere Island, AIa;ka and Antarctica (23removing this influence on time-varying geoid heights and
basins) and (ii) GIA over North America and entire Antarc- crustal displacements in Antarctica. Due to the approximate

tica (s = 35), linearity of the GIA response with respect to the forcing, the
35 scaling factors can be interpreted as adjustment factor on the
ehreq(R) = Z ST el (Q), (1)  theice heights of the glacial reconstructions.
s=1 From the scaling factors, the mean Northern Hemi-

where @ stands for the spherical colatitude and longi- sphere contribution to surface displacement in Antarctica

12
tude ¢, and hencef = (9, ¢), and g refers to all possi- s estimated according tonu(R) = &5 3 uy (), where
ble combinations of LH and VD (Table 1) for Antarctica g=1
(here,q = 1 through 12). We adopt a global solution do- uf, () is the modelled rate of radial displacement associ-
main, 0 <9 <18C°, —18C° < ¢ < 180 . The scalar param- ated with the rate of geoid-height chang,(®) for the
eterS{ is obtained by minimizing the difference between the Northern Hemisphere components only. In step 2, which is
E€GRACE andegred in a least-squares sense over the 35 adjustdescribed in the following, the mean figlgy obtained from
ment areas encompassing the peak anomalies(®) (Sas-  step 1 is used to correct the Antarctic GPS uplift rates for sur-
gen et al,2010. The Antarctic GIA signal is estimated from face displacement arising from mass changes in the Northern
latitude- and longitude-limited adjustment area centred oveHemisphere, whileS. o is employed as constraint on pa-
the Filchner-Ronne Ice Shelf; the associated scaling factor isameter estimates, which are from GPS uplift rates (Bjig.
henceforth referred to &y, i . ] ]

The forward models of i) involve a priori information 3-3 Refinement of Antarctic GIA estimates with GPS
of the distribution of mass within each region based on uplift rates
ICESat surface-elevation changes (Greenlan8grensen

et al, 201D, airborne laser measurement (Alaskarendt In the second step, we fit GPS uplift ratessps by pre-

et al, 2002 and surface-ice velocities measured by radar fordictions of GlA-induced surface displacement in Antarctica,
upred, Obtained by the linear combination of the GIA pre-

Antarctica Rignot et al, 2008. The GIA predictions for the pTe ) L
Northern Hemisphere are obtained by using the four viscosEjICtlonS of per-sector loading histories (LH1, LH2 and LH3)

ity profiles (Table 1) together with the glacial reconstruction and viscosity distributions (VD1 through VD4),
NAWI (Zweck and Huybrecht2005. Although the qual- q

; ‘ : =357 ul(@). 2
ity of the glacial reconstruction NAWI has not been assessecﬁtpred( ) Z Srcur (®) 2)

www.the-cryosphere.net/7/1499/2013/ The Cryosphere, 7, 149%42 2013
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Note thatg’ now represents all combinations of LH1 tained by
through LH3 and VD1 through VD4 for all sectors AP, FRIS, 1
RIS, AMIS and EAIS, generating an ensemble witha&4® 14 =Sl s+ <|:T CabeF+ CGRACE’1>
members. As opposed to step 1, we now- fit 1 though 5
scaling parameters for per-sector Antarctic GIA predictions, FT C(_;|l:5(UGPS— FSiris) - (4)
relaxing on the condition that the relative proportion between
the per-sector loads is unchanged or that the viscosity pro-"" "™ p p
file is the same for the entire Antarctic continent. It should T¢ =(T{ ..., T5q )7
be stated that although different viscosity distributions are S{ris = (Stris - SErig) T from step 1
applied to different sectors, the predictions rely on a radial- Cerace covariance matrix of{n,s.
symmetric distribution of Earth model parameters, neglect- It should be noted thdt and%RIS in Eq. 3) are depen-
ing possible effects caused by lateral heterogeneities in thelent on the ensemble membefsandg, respectively; for the

Earth’s structure. The scalar parametsfs in Eq. (2) are constraint estimate, the scaling fac8,s of members with
obtained by minimizing in the least-squares sense the mismatching LH and VD are selected; for example, if AP is pre-
fit of quDred(ﬂ) to the GPS uplift rates;p4®), which are dicted with (LH1, VD3), the scaling factor with (LH1, VD3)

beforehand corrected for the Northern Hemisphere contriS @dopted from step 1.
bution, u§py(R) = ucps(R) — itnH(82). For each ensemble

membery’, five scaling paramete@l, r =1 through 5, are

determined With Eq. @), we calculate our best unconstrained (i.e. GPS
only) estimate of Antarctica GIA, AGEla, for the rate of
geoid-height changeace1s and rate of radial displacement,

where the symbols additional to E®) @re

3.4 Statistical approach to mean GIA estimate

s = (€T CgésF)‘l ET Cgésqus, 3) It/tOAGEj_a, from the arithmetic mean of the ensemble according
UAGE1a(S2) n 5 |ul @
according to (e.gTarantola 2005 where the symbols are as =1/ny > s (5)
follows: ) ) epnGE1a(2) g'=1r=1 e?/(ﬂ).
&' = (87, ...8T _ _ _
F, — u? () (design matrix), dependent on ensemble For the. constrained estimate (i.e. GRACE and GPS),
realizationg’ AGE1Db, this becomes
Ceps covariance matrix of GPS observations q
Uops = (ufpg(R1). ... ufspe(R6)) . uAGELb(S2) n S g
The design matri¥ contains the GlA-induced uplift rates =1/n Z Ty , (6)
at thei = 1...46 GPS station locations predicted by each of ¢AGELD(S2) g'=1r=1 el ().

the five per-sector load histories and four viscosity profiles

for a specified ensemble membgr It should be noted that N Eds. 6) and 6), n stands for the total number of mem-

although the forcing from each load history for AP, FRIS, bers in our ensemble, which relies on

RIS, AMIS and EAIS is confined by distinct boundaries, the 1. |oad history (LH1, LH2, LH3) and viscosity distribu-

GIA response in surface deformation extends beyond each tion (VD1 through VD4) for each sector{X 45 pos-

sector, on the one hand because the elastic lithosphere acts  gjpjlities),

as a low-pass filter, and on the other hand because the Earth

response produces a peripheral forebulge along the margin of 2. elastic corrections for GPS uplift rates (two possi-

the load change. This implies that the fit of each parameter bilities, based on input—output method and ICESat)

Y depends on all GPS uplift ratasgps as well as on the (Thomas et a).2011),

specific ensemble membefunderlying inF. 3. GRACE release (two possibilities: CSR RLO5 and
The GlA-estimate satisfying both GRACE and GPS ob- GFZ RLO5),

servations according to their respective errors is obtained by

the constrained least-squares approach Tfargntola2005). resulting in an ensemble af=995 328, where (1) influences

This approach provides a parameter estimate under the conhe design matri¥ and the GRACE constraiﬁ@ms, (2) the

dition that it is close to an a priori value — the deviation being GPS observation vectozpsand (3) again the GRACE con-

governed by the balance of the uncertainties of the data andtraint. The estimates from GPS!, are affected only little

the a priori parameter (constraint). Here, the a priori value isby the GRACE release permutation — merely due to subtract-

the scaling factorS,‘iRlS, derived in step 1 from the GRACE ing a different estimate of the Northern Hemisphere contri-

signal over the FRIS area. The constrained solution is obbution to the observed GPS uplift rates. It is worth noting that
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Fig. 3. Observed minus predicted rate of surface deformation at GPS sites. Shown are the residuals in GPS-measured (mean of INSAR anc
ICESat-based elastic and Northern Hemisphere GIA correction applied) minus GIA estimated uplift rates, based on GPS (left) and GRACE
and GPS observations (right). Residual® (> 0) indicate overestimated (underestimated) GIA with respect to the GPS uplift rates. The
residuals are separated for each sector: Antarctic Peninsula (AP, red), Filchner-Ronne Ice Shelf (FRIS, dark blue), Ronne Ice Shelf (RIS,
light blue) and Amery Ice Shelf (AMIS, yellow), and the remaining parts as East Antarctica (EAIS, green). Also indicated are the mean bias
(bias, not weighted), as well as the standard deviation (std, not weighted).

the method effectively results in non-physical ice sheet repret H2, for most combinations of load histories and viscosity
sentation at the boundaries of the sectors; that is, jumps in thdistributions, whereas the signal of LH3 already reconciles
ice thickness, which are, however, of minor importance be-with GRACE over the FRIS area. In principle, a scaling fac-
cause of the elastic lithosphere acting as an effective low-pastor could also be obtained for the RIS area; however, here, we
filter. Finally, the apparent rate of ice-mass change associatedetermine only a single factor based on the FRIS, which is in-
with Antarctic GIA estimates is calculated for 25 basins andtended to compensate for the trade-off between the viscosity
the entire AIS from the ensemble mean of the rate of geoid-distribution and magnitude of the load. This factor is then ap-
height changeace1a andeaceip. plied (for a specified viscosity distribution) to all other areas,
Since the combination of GRACE and GPS observationsmeaning that the spatial pattern of the GIA signal is entirely
in the scaling parametdi’ is sensitive to the parameter and governed by the model. Although the adjustment reduces
data uncertainties, some care has to be taken in estimatingpread for different viscosity distributions for each load his-
meaningful (co-)variance matric&Sgrace and Cgps For  toryto< 30 Gtyr 1, the differences between load models re-
the scaling factor inferred from GRACE, we estimate errorsmains large due to their distinct spatial patterns (90 Gtyr
due to (i) leakage of present-day signal by estimating thebetween minimum and maximum estimate). By the sector-
scaling factor with and without adjusting for contemporary wise adjustment to the GPS uplift rates, the load histories are
ice-mass changes in basins 4 to 25; a leakage error is esthomogenized, reducing the deviation to 38 Gtyr
mated to 29 %, (i) sensitivity with respect to the choice of the  Figure3 shows the residuals of the uplift rates at the GPS
adjustment area (choice of the adjustment area in the FRIStations after subtracting the GIA estimate. For each sector,
variability introduced by subdividing the adjustment area in the distribution of residuals is centred around zero (standard
four sectors: 9 %), (i) remaining aliasing periods of oceanic deviation of 2.7 mmyr?l), even though for FRIS there is an
tides underneath the FRIS (with and without estimatfag indication that the subtracted GIA is slightly underestimated.
with 161.5 day and<, with 1395.7 day periods in temporal The apparent mass change associated with this GIA correc-
decomposition= 5%), (iv) difference between two data sets tion is 50+ 26 Gtyr. For the GIA estimate constrained
of GRACE coefficients (GFZ RLO5 vs. CSR RL05: 9 %), and by GRACE and GPS, the GIA estimate increases in mag-
(v) formal GRACE coefficient uncertainties:Q %), adding  nitude to 53+ 18 Gtyr 1. The mean bias slightly increases
up to a total uncertainty of 32% f@&’, . Uncertainties for ~ (—0.Lmmyr1), but GPS uplift residuals for the stations in
the GPS trends are taken frarhomas et al(2011). The sen-  the FRIS and AMIS centre slightly better around zero. This
sitivity of our results to the choice of the GPS and GRACE is an indication that the GRACE-constrained GIA estimate

uncertainties is discussed below. reproduces data better, which have short records and uncer-
tain trends and are given a low weight in the GPS-only ad-
3.5 Apparent ice-mass change of GIA correction justment (Fig4). In general, the fit to the GPS uplift rates is

dominated by the long term, and hence most accurate station

ecords. Due to the comparably large error of the GRACE-

The GRACE signal over the FRIS area requires a downwar . 0 oo .
adjustment of the initial GIA predictions mainly for LH1 and c{)ased scaling factor (32 %), the contribution to the combined
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average for each sector, again become important. It becomes
clear that although LH1, LH2 and LH3 include some of the
variety obtained of different reconstructions, further region-
ally refined glaciation histories will alter the GIA pattern, and
therefore the influence basin-scale apparent mass change.
The reader is encouraged to apply the GIA correction di-
rectly to the GRACE coefficients. We therefore provide the
GIA estimate AGEla (GPS only) and AGE1b (GRACE and
GPS) of the rate of geoid-height change and rate of radial
displacement as fully normalized spherical-harmonic coeffi-

T R cients Heiskanen and Moritz1967) in the Supplement of
Rate of radial displacement (mm/yr) th|S paper.

4 Regional-scale trends and accelerations from GRACE

a0

Table 2 presents rates and accelerations of mass changes
for the 25 basins of the AIS from GRACE for the time pe-
riod January 2003 to September 2012. The mass balance of
the AIS is characterized by strong losses along the Antarc-
tic Peninsula and Amundsen Sea sectet40+ 16 Gtyr 1
basins 1, and 18 to 25) and moderate gain of mass for

o T—
05 04 -03 -02 01 00 01 02 03 04 05

Rate of geoid-height change (mm/yr) East Antarctica (2613 Gtyr1: basins 2 to 17), adding
_ o B _ up to total of —114+23Gtyrl. Major mass loss in
Fig. 4. Rate of radial displacement (mmy}) and rate of geoid-  \yest Antarctica occurs in basin 21 (Thwaites glacier sys-

height change (mm yit), respectively(a) and(c) for AGE1a (GPS
only) and(b) and (d) for AGE1b (GRACE and GPS). Spherical-

harmonic cut-off degrees are 0 to 170 fa) and(b) and 2 to 60 . . 1 .
for (c) and (d). Also indicated are the GPS uplift rates (after the concentrated in the north, basin 2526+ 3 Gtyr 7). This

correction for the Northern Hemisphere contribution) according to C0Mpares well to GRACE estimates (January 2003 to March
Thomas et al(2013) 2009) that are slightly higher at32+6 Gtyr! by Ivins
et al. (2011 and this difference is possibly attributable to
a different approach to incorporating the GPS data into the
GIA estimation. East Antarctica exhibits a bimodal pattern of
estimate is small, and the mean of the GIA estimates basethass increase in Dronning Maud and Enderby Land (basins
on GPS as well as GRACE and GPS are very similar @ig. 3 to 8: 60+ 7 Gtyr1) and mass decrease in Wilkes Land
It should be noted that varying the lithosphere thickness in{(basins 12 to 15-31+ 4 Gtyr 1),
fluences the pattern of the regional GIA signals, particularly The situation is more diverse for the acceleration esti-
in the peripheral region of the former ice sheet, and thereimates from GRACE presented also in TaBlehere with
fore may also affect the fit to individual GPS stations. It is respect to the midpoint of the time interval January 2003
expected, however, that after scaling, this will mainly influ- to September 2012. Acceleration of mass loss (negative
ence the spread of the GPS uplift residuals and apparent mags sign) is observed for the Antarctic Peninsula — here,
change values, and not so much their mean. Palmer Land (basin 24-6+2 Gtyr-?) as well as for the
Figure5 shows the distributions of the GlA-induced ap- Amundsen Sea sector, in particular the Pine Island, Thwaites
parent mass change for each of the 25 drainage basins of ttend Getz/Hull/Land glacier systems (basins 22, 21 and 20,
AlS and the total AIS for GIA estimate AGE1b (GRACE respectively:—17+ 6 Gtyr—2). For the northern Antarctic
and GPS). The largest GlA-induced mass change is obtaineBeninsula, the acceleration term is not statistically signifi-
for the basins in the vicinity of the large ice shelves: 4 to cant. For East Antarctica, mass loss acceleration is observed
6 Gtyr1 for basins 17, 18 and 19 (RIS) as well as basinsfor Wilkes Land (basin 12:-2+ 1 Gtyr—2), while deceler-
1 and 3, and 4 Gtyr* for basin 2 and for the southern part ation (positive in sign: decrease of mass loss) is observed
of AP (basin 24). For many basins, the scatter of the valuesn Dronning Maud Land and Enderby Land (basins 4, 5,
are similar to a Gaussian distribution. But since sub-secto6 and 7: 14+ 4 Gtyr-2). For the entire AlS, mass loss ac-
GIA signal is mostly governed by the shape of the ice histo-celeration arising in West Antarctica-21+ 10 Gtyr-2) is
ries LH1, LH2 and LH3, systematic clusters appear for somecounterbalanced by about half by mass loss deceleration
basins (e.g. basin 25 of the AP, basin 16 in East Antarctica)n East Antarctica (12 6 Gtyr-2), adding up to a total of
— differences between the load histories, which are small on-16+ 12 Gtyr 2.

tem: —57+3Gtyr ) and basin 22 (Pine Island glacier:
—284 3Gtyr1). Mass loss along the Antarctic Peninsula is
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Table 2. Rate and acceleration of basins-scale ice-mass change from GRACE and revised GIA estimate AGE1b (GRACE and GPS). The
GRACE estimates represent error-weighted values of GFZ RLO5 and CSR RLO5 estiindégmtes statistical significant acceleration

terms in both GFZ RL0O5 and CSR RLO5, whijedenotes linear trends that are not statistically significant in both releases (95 % confidence
interval: before correcting for GIA). Time period is January 2003 to September 2012.

Drainage Area GRACE GRACE GIA GIA GRACE
basin (1@km2) (GlA corr.) (GRACE&GPS) (GPSonly) (no GIA corr.)
24 369 2t4 —6+1 443 3+3 5+2
25 104 —-26+3 —-1+1 1+2 0t2 -25+1
Ant. Peninsula 473 -24+4 —7+1 444 443 —20+3
1 342 10£7 —1+5 5+2 5+2 15+7
18 414 9t5 1+4 5+3 4+3 15+4
19 391 6t4 —1+1 6+3 5+3 13+2
20 195 4245 —6+6* 1+2 1+2 —41+4
21 235 -57+3 —8+1* 1+1 1+1 —56+3
22 175 —-28+3 -3+ 1* 1+2 1+2 —26+2
23 96 —-15+9 —-3+5 -1+1 —-1+1 —15+8
West Ant. 1848 —-116+15 —-21+10 19+ 6 16+ 6 —97+13
2 738 —7+3 —0+1 4+3 4+3 -3+0
3 1582 +4 —0+1 5+4 5+5 12+1
4 226 12+1 2+1* 1+1 1+1 13+1
5 361 10+1 5+ 1* 1+1 1+1 11+1
6 443 4+ 3 3+2* 1+1 1+1 5+3
7 412 16+ 4 44 3* 2+3 1+£2 17+£2
8 243 114+3 1+1 1+2 0+2 1243
9 963 2+5 1+1 2+4 245 4+1
10 335 1+4 0+1 —0+2 —-1+3 1440
11 690 8t4 0+2 2+4 245 10+1
12 1170 -13+2 —2+1* 3+2 4+3 —-10+1
13 741 -10+2 —2+1* 2+2 3+2 -8+1
14 147 —8+2 0+1 0+1 0+1 —-8+1
15 281 0t2 0+1 1+1 1+1 1420
16 1138 -245 1+1 2+5 2+6 0429
17 506 —6+2 —1+2 442 3+2 -2+1
East Ant. 9976 2613 12+ 6 30+11 30+13 56+ 7
Total AIS 12297 —-1144+23 -16+12 53+ 18 50+ 26 —61+15

Figure 6 presents the basin-scale mass balance estithe strong imprint in the GRACE gravity fields, the sum
mates of the AIS from GRACE (GIA correction AGE1, of imbalances amounting te 153 Gtyr ! is resolved with
GRACE&GPS), ordered according to the expected signal-an accuracy of:7 Gtyr—! (5%). Representing only 6 % of
to-noise ratio of present-day ice-mass balance value and thihe area of the ice sheet, more than half of the mass im-
sum of propagated GRACE coefficient errors, filtering andbalances (53 %), positive or negative, occurs in these well-
inversion uncertainties, and uncertainties of the GIA correc-resolved basins. But even if all increase in mass observed
tion from Table2. Additionally, the cumulative sum of the with GRACE is attributed to snow accumulation, and not
basin-scale mass balances are shown. The most dominaf®IA, the total AIS mass balance remains significantly nega-
imbalances originate from the northern Antarctic Peninsulative (—61+ 15). However, mass trends in East Antarctica are
(basin 25) and the Amundsen and Bellinghausen Sea sect@trongly influenced by interannual accumulation variability
(basins 20, 21 and 22). Due to the rather weak influence oflong the coast, limiting the significance of extrapolating the
our GIA correction in these basins — which is, however, in total AIS mass balance into the future.
contrast to the finding oGroh et al.(2012), who attribute The acceleration terms inferred for each of the 25 basins
344+ 12 Gtyr! to GIA in the Amundsen Sea sector — and for January 2003 to September 2012 are shown in Fig.
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Fig. 5. Distribution of the rate of apparent ice-mass change (Gtymduced by the GIA for the total AlS and the 25 basins, obtained by
constraining the ensemble of per-sector combinations (995 328 samples) with GPS and GRACE (GRACE and GPS comb.). The apparent
ice-mass change is calculated by applying the gravimetric inversion method for the present-day ice-mass changes to each estimate of th
GlA-induced gravity field.

which are ordered identically to the trend estimates de-5 Discussion
picted in Fig.6 (not according to their signal-to-noise ra-
tio). In West Antarctica, substantive accelerations of mas€Our mass balance for the AIS o0f114+23Gtyr ! for
loss (negative in sign) occurs mainly in the Thwaites the time period January 2003 to September 2012 and our
(—8+1Gtyr2: basin 21) and the Getz/Hull/Land glacier new GIA estimate AGE1lb (GRACE and GPS) is con-
systems .66:}:6thr—2 basin 20), and to a lesser extent siderably less negative than early GRACE estimates of
in the Pine Island glacier (basin 223+ 1Gtyr2) inthe  Velicogna(2009 (—1434 73 Gtyr!: 2002-2009), who ap-
Amundsen Sea sector. Evidence of glacier retreat and accePlies a mean GIA correction of 12676 Gtyr* based on
eration of ice flow in these regionRignot et al, 201 sug-  the reconstructions ofvins and Jame¢2009 and Peltier
gests that the GRACE trends and accelerations reflect longl2004 as well as a suite of viscosity distributions. This is
term responses of the ice sheet, caused by melting of icéhainly a result of correcting GIA with only 5& 18 Gtyr .
shelves by wind-driven penetration of warm ocean water, deOur study confirms the estimate efL09-+ 48 Gtyr* (Hor-
creasing buttressing of tributary ice streamsitchard et al. ~ wath and Dietrich2009, based on the shorter time interval
2012. In contrast, for northern Graham Land (basin 25), August 2002 to January 2008. It also supports the previous
no statistically significant acceleration is found, despite ajoint inversion estimate for the total AlS based on GRACE
strong imbalance in this region. East Antarctica apparentlyand GPS dataiu et al, 20108 of —87+43 Gtyr* (2002
compensates 126 Gtyr2 of the mass loss acceleration. 2008), even though with a very different separation be-
Here, however, a preliminary comparison with output from tween East and West Antarctica — that-ig, 16+ 15 Gtyr*
the regional atmospheric climate model (RACMO2/ANT; and 26+ 13Gtyr! (this study) versus-64+32Gtyr!
Helsen et al.2008 Lenaerts et a).2012 suggests that the and —23+29Gtyr? (Wu et al, 2010, respectively —
changes in Dronning Maud Land and Enderby Land (basingnost likely owing to regional differences between the
4 to 7: 14+ 4Gtyr2), Wilkes Land (basins 12 and 13: GIA estimates. And our estimate lies within the range of
—4+1Gtyr?), and also those in Palmer Land, Antarctic —87+43Gtyr* (2000-2011) provided the multi-satellite
Peninsula (basin 24:6+ 1 Gtyr2), are nearly completely ice sheet mass balance inter-comparison exercise (IMBIE,
explained by accumulation variations within the comparably Shepherd et al.2012, using the average of the most re-
short observation period. cent GIA corrections ofWhitehouse et al(20120) and
Ivins et al.(2013.
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Fig. 6. Rate of basin-scale ice-mass change from GRACE (Gtyr
for the drainage basins of the Antarctic Peninsula (red), West
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sorted according to the estimated signal-to-noise ratio of the lineaPeninsula (basin 25), our results 26+ 3 Gtyr-! show
trend component. GIA correction AGE1b (GRACE and GPS) ap-excellent agreement with the most recent GRACE-based
plied. Statistically insignificant temporal components are indicatedestimates of £33+ 3 Gtyr1: August 2002 to Decem-
with dashed lines. The cumulative sum over the basins is providecher 2012,King et al, 2012, and a previous estimate of

in the top part of the figure, depicting that nearly all mass loss orig-_32+4 6 Gtyr1 for the time period January 2003 to March

inates from a very small portion of the AlS.
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Compared to the recent estimate Kihg et al. (2012

1509

study) and—24+ 7 Gtyr! (King et al, 2012. Differences
mainly reside in East Antarctica, for whitting et al.(2012
propose a mass gain of 8013 with a GIA correction close
to zero (3 Gtyr!: W12a model), however, with upper and
lower bounds of 56 Gtyr! and —26 Gtyr1, respectively,
which also encompass our GIA estimate of4301 Gtyr!
for East Antarctica (Table 2). Without GIA correction,
our apparent GRACE mass balance for East Antarctica is
564 7 Gtyr 1, in agreement with the 63 Gty# provided by
King et al.(2012. Possibly, the uncertainty range of W12ain
East Antarctica of 82 Gtyr* could be reduced by including
GPS uplift rates.

With the GIA estimate AGElb (GRACE and GPS),
GRACE indicates a modest mass increase for East Antarctica
(26+ 13 Gtyr 1), supporting estimates from radar altimetry
22439 Gtyr ! rather than from the mass budget method
—30+£ 76 (Shepherd et 812012 October 2002 to December
2008). However, comparing different time periods is of lim-
ited validity due to the strong influence accumulation varia-

2009 (vins et al, 2017).

Compared to other recent GRACE estimates of the AIS
mass balance, we obtain stronger losses, even if a sim-
ilar GIA correction is applied; for exampldyins et al.
(2013 correct for a GIA-induced apparent mass change of
55+ 13 Gtyr ! based on the revised version of glacial his-
tory from lvins and Jameg&005), resulting in a mass loss of
the AIS of —57+ 34 Gtyr 1. Both methods use very differ-
ent approaches towards regionalizing, as well as towards re-
moving leakage from and to the region of Antarctica. In par-
ticular, our treatment of the degree 1 terms is different from
Ivins et al.(2013 and the procedure agreed upon in IMBIE
(Shepherd et §12012); due to the uncertainty of the degree
1 coefficients estimate from SLR and the large influence of
far-field signal (e.g. GIA from the Northern Hemisphere), we
exclude these coefficients from thdjustmenof our forward
model, which is, however, complete for spherical-harmonic
degree and order 0 to 512 (see Supplement). If the predeter-
mined approach used in IMBIE is applied, this may weaken
the estimate by about 30 Gtk (lvins et al, 2013.

As shown in Fig3, AGE1b (GRACE and GPS) fitted the
GPS uplift rates with a mean bias ef0.1mmyr?! and a
standard deviation of 2.2 mmyt. This is a significant im-

with —69+18Gtyr !, based on the new GIA predic- provement with respect to the bias-efl.2 mmyr! associ-
tion W12a WWhitehouse et al.2012h, our results are ated with the GIA prediction ol/hitehouse et al20123ab).
with —1144 23 Gtyr! significantly more negative, even Due to our statistical approach, AGE1a and AGE1b are rather
though excellent agreement is obtained for single glacierinsensitive to the viscosity distribution and to the glacial his-
systems in the Amundsen Sea — for example, Thwaitestory — at least when integrating over a sector — as deviations
—574+3Gtyr ! (this study) and—54+5Gtyr! (King  are mostly scaled out by the loading adjustment. However,
et al, 2012; and Pine Island glacier-28+ 3 Gtyr! (this the uncertainty of the GIA correction (Fig. 4, Supplement)
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depends to a large extent on the availability and accuracy ofic Peninsula and the in Amundsen Sea sector amount to

GPS uplift rates. For example, both AGE1la and AGE1b sug—151+ 7 Gtyr1. East Antarctica, in contrast, has a slightly

gest the largest GIA anomaly in the RIS sector due to verypositive mass balance (2612 Gtyr1), exhibiting a bipolar

sparse GPS data (Fig. 3), which is in contrast to more resignature of accelerating mass increase in Dronning Maud

cent geomorphological evidence on the ice sheet retreat in theand and Enderby Land (basins 5, 6 and 7H2Gtyr2)

RIS sector Kvins et al, 2013. The uncertainties of AGE1b and accelerating mass loss in Wilkes Land and George V

(Fig. 4, Supplement) should be kept in mind when applyingLand (basin 13 and 14-4+ 2 Gtyr2). The preliminary

it as a GIA correction to the GRACE data. comparison with output from RACMO2/ANT suggests that
Limitations of AGE1 also apply to the representation of the temporal signatures in East Antarctica (and Palmer Land,

the sub-sector (i.e. basin-scale) GIA — arising from un-Antarctic Peninsula) are mainly due to interannual accumu-

known regional retreat history, which are not included in lation variability; enhanced precipitation in the years 2005

the uncertainty estimate for AGE1lb. For exampl&oh and 2007 as part of variability in the large-scale atmospheric

et al. (2012 presented evidence for a GIA-induced up- circulation has induced these mass anomalies, not changesin

lift in the Amundsen Sea sector (part of the FRIS sec-ice-dynamic flow. The strong imbalance and acceleration ob-

tor in our study) ranging for different locations between served for the northern Antarctic Peninsula and the Amund-

14.1+ 6.7 and 22.9- 6.7 mmyr 1, causing a mass increase sen Seasector(151 Gtyr!and—22 Gtyr 2, respectively),

of 34+ 12 Gtyr 1. These uplift rates are exceptionally large however, clearly reflect more vigorous ice floBdambos

compared to the trends measuredTihomas et al(2011), et al, 2004 Rignot et al, 2008 and are more likely to be

and, if included in our adjustment, cannot be fitted by oura sustained sea-level contribution of AlS.

GIA sectorial patterns; we obtain a GPS residual of 13 to

22 mmyr! for the additional stations, compared to a maxi-

mum deviation of 8 mm yr? for the stations oThomas etal.  Supplementary material related to this article is

(2013). Another example is the subsidence due to a substanavailable online athttp://www.the-cryosphere.net/7/

tial ice-thickness increase in the late Holocene predicted byl499/2013/tc-7-1499-2013-supplement.pdf

Whitehouse et a[20123 in Coats Land (basin 3) of our East

Antarctic sector. Clearly, further detailed research on the re-

gional Antarctic GIA signal is needed.
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