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Abstract. This study explores an approach that simultane-The refined approach presented in this study shows the con-
ously estimates Antarctic mass balance and glacial isostatitribution that such data combinations can make towards im-
adjustment (GIA) through the combination of satellite grav- proving estimates of present-day GIA and ice mass change,
ity and altimetry data sets. The results improve upon pre-particularly with respect to determining more reliable uncer-
vious efforts by incorporating a firn densification model to tainties.

account for firn compaction and surface processes as well as
reprocessed data sets over a slightly longer period of time.
A range of different Gravity Recovery and Climate Exper-
iment (GRACE) gravity models were evaluated and a new
Ice_, Cloud, and Land EIevatlon Satellite (ICES_at) surfageOVer the past decade, there has been general consensus
height trend map computed using an overlapping footprint

approach. When the GIA models created from the COm_wnhm the glaciological and geodesy communities that the

A L ce sheet of Antarctica is currently experiencing a signifi-
bination approach were compared to in situ GPS groun L .
. ) . . nt loss in ice mass on the order of tens to hundreds of gi-
station displacements, the vertical rates estimated showe

2 .

consistently better agreement than recent conventional GIAgatons (1 G 10"2kg) per year Chen et al. 2008 Rignot
. . et al, 2008 Horwath and Dietrich2009 Jacob et aJ.2012
models. The new empirically derived GIA rates suggest the .
s .“Shepherd et 312012. For Antarctica, the mass change es-
presence of strong uplift in the Amundsen Sea sector in,; . . )
. L timates from the Gravity Recovery and Climate Experiment

West Antarctica (WA) and the Philippi/Denman sectors, as o . .
. ; : (GRACE) have large uncertainties associated with them due

well as subsidence in large parts of East Antarctica (EA).

The total GlA-related mass change estimates for the entiretz0 a number of inaccurately known input modef$iempson

o ét al, 2004 Seo et al.2008 Gunter et al.2010. Of these,
Antarctic ice sheet ranged from 53 to 103 Gty depend- the dominant error comes from the inaccurate knowledge of

ing on the GRACE solution used, with an estimated uncer-_,~ . . . : " :
: 1 . glacial-isostatic adjustment (GIA), which is the deformation
tainty of £40 Gtyr—+. Over the time frame February 2003— . .
of the solid earth due to the slow return of mantle material

October 2009, the corresponding ice mass change ShOWet at was displaced by the changing ice—ocean load during the

1 . .
an average value ot 10044 Gtyr— (EA: 5438, WA: last ice age (which peaked globaly21 kyr ago). The fact

—105+ 22.)’ cons_;lstent with other recent estimates in t_he lit- that the GRACE mission can only observe the total gravi-
erature, with regional mass loss mostly concentrated in WA, __. . . o . .
tational accelerations acting on the mission’s twin satellites

1 Introduction
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means that GRACE measurements are not able to distinguisandergone a complete reprocessing that has noticeably im-
between accelerations due to mass changes caused by theoved the data quality compared to previous releases. For
loss/gain of ice from those accelerations caused by the GIAthe GRACE data, a range of both unconstrained and regular-
induced surface uplift. As a result, the effects of GIA are typ-ized solutions are evaluated to better categorize the impact
ically removed in the data processing using modeled valuesthat different processing strategies can have on the results.
however, the uncertainty in current GIA models is also on theThe ICESat data was processed using a recently developed
order of tens of Gtyr!, or on the same scale as the estimatedtechnique involving the use of overlapping footprints (OFPS).
ice mass changé&unter et al.2009 Horwath and Dietrich ~ The approach was first developed ®lpbbe et al(2008 for
2009 King et al, 2012 Velicogna and Wahr2013. This a study of the Greenland ice sheet, but has not been applied
is due to the very sparse (in both space and historical timepreviously to Antarctica. The OFP approach was expanded
geophysical and climatological data available for Antarctica,and improved for this study, and made use of the latest release
which are required to constrain historical changes in ice his-of ICESat data (R633). The OFP method has many benefits
tory and hence GIA models. This uncertainty in the GRACE over standard repeat-track and crossover techniques, and is
estimates makes the monitoring and prediction of currentparticularly well-suited to Antarctica due to the high den-
mass loss trends much less reliable and highlights the neesity of laser shots available. The technique also allows for
to make improvements in the determination of the GIA andthe independent determination of the systematic campaign
ice-mass change signals. biases which are present in the ICESat surface height rates, a
An alternative to forward modeling present-day GIA is to critical aspect when considering long-term ice sheet volume
estimate present-day upliftAM@hr et al, 2000 from instru-  changes.
ment observations. One approach to accomplishing this in- Another important contribution of this study is the use
volves supplementing GRACE data with estimates of ice el-of a firn densification model (FDM) that estimates spatial
evation (satellite altimetry) and bedrock uplift (GPS). The and temporal variations in firn layer temperature, depth, and
addition of the altimetry products is particularly important mass, and which also accounts for penetration, retention, and
because they track absolute volume changes, as opposed itefreezing of meltwater. Most similar studies to date have re-
the absolute mass change measured by GRACE. While thedeed on a simplified density assumption to convert altimetric
are two completely different observables, they are comple-heights to mass, often just a constant value. For many re-
mentary and permit the separation of the GIA and ice masgions which experience highly variable accumulation rates
loss, given knowledge of ice/rock densities. This is pos-as well as glacial thinning and high GIA rates a constant sur-
sible because the large density contrast between rock anfdice density assumption significantly misrepresents the true
ice, as well as the large differences in their respective vol-surface characteristics.
ume changes, allows the altimetry products to better iso- Finally, the GIA component of the data combination
late the volume/mass changes associated with surface pravas compared against vertical height displacement measure-
cesses, e.g., glacial thinning. For example, if a given re-ments collected from a network of dozens of permanent GPS
gion has decimeter-level annual glacial thinning in addition ground stations. Such comparisons allowed the various data
to mmyr1 uplift in the solid-earth due to GIA, the altime- combinations to be evaluated, both with each other as well as
try would predominately observe the height changes due t@gainst state-of-the-art GIA models.
the glacial thinning; however, the corresponding (large) mass This paper will assess the impact of these new develop-
change from the small solid-earth uplift would be clearly ob- ments on the GIA and ice mass change estimates of Antarc-
servable from GRACE. Previous studies have demonstratetica, as well as provide an outlook for future investigations.
the feasibility of this approactWabhr et al, 200Q Velicogna  As will be shown later, the resulting GIA models compare
and Wahy 2002, with the first real-data combination pro- favorably with other modeled estimates, but do suggest some
duced byRiva et al.(2009. As a joint estimation problem, areas, such as the Amundsen Sea sector, may be experiencing
GIA and ice mass change trends are simultaneously commuch higher uplift rates than previously predicted.
puted, creating a self-consistent set of estimates. In addition,
as a data-driven approach, the errors of the input data sets
can be used to generate realistic and spatially varying un2 Methodology
certainties of the resulting GIA and mass change estimates
through standard error propagation techniques. In the tim&he underlying methodology used to combine the altimet-
since the first real-data combination was achieved, severaic and gravimetric data sets is adapted from earlier work
major improvements to the methodology and data sets havby Riva et al.(2009, summarized here for convenience. In
taken place, resulting in new estimates of Antarctic GIA andshort, the technique relies on the fact that satellite altimetry
ice sheet mass balance that this paper seeks to highlight. measurements primarily observe surface processes, such as
New contributions of this study include the use of up- accumulation and ablation, whereas the mass change mea-
dated data from GRACE and the Ice, Cloud and land Ele-surements from satellite gravimetry are sensitive to the mass
vation Satellite (ICESat) mission, which have both recently change of both GIA and surface processes. By exploiting the
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difference in density between ice/snawy,, and the solid A number of research centers produce monthly gravity field
earth, prock, the following relationship can be established models, using different processing methodologies. A range
which relates the vertical height rates of Gl#gck, to the of gravity models are examined in this study, including those

mass, height, and density values for a given location. generated by the University of Texas at Austin Center for
. Space Research (CSR), the GeoForschungsZentrum (GFZ2),
: _ IMGRACE — psurf - hICESat and Delft University of Technology (TUD). Both RL0O4 and
hrock = (1) . .
Orock — Psurf RLO5 solutions were evaluated when available, as well as

) o _ _regularized solutions, i.e., those solutions applying additional
A 400 km Gaussian smoothing is applied to ensure the varignayig filtering or other processing methods to the standard
ous components in Eg. (1) have the same spatial resolution,1 or L2 data products released by the GRACE Science
but this is only done after elements with equivalent resolutionp g4 System (SDS). Future references to GRACE “uncon-
are first combined (including terms in both the numerator grained solutions” refer to the standard monthly gravity field
and denominator). For example, the multiplication of the sur-,q4els provided to the public by the CSR and GFZ that
face density and ICESat height rates is done before applyingaye not had such regularization applied. Degree one coef-
the smoothing, since these two grids have approximately thecients were added to all solutions using values generated
same spatial resolution. The smoothing of the GRACE datg;gm the approach oBwenson et al(2008 (using RLOS
helps reduce the noisiness of the solutions, but undoubtedlysprAcE data), and the £ harmonics were replaced with
attenuates th_e signal magnitude. T_hat_ _said, the geolocatiogse derived from satellite laser rangii@heng and Tapley
of the peak signals should not be significantly affected, anthpo4. For the RL0O4 models, the secular trends that are re-
the total mass change should remain the same after smoothyoyved from select zonal coefficients were restored Beie
ing, since the Gaussian filter simply redistributes the Sig”a'tadpur(2007) for more details), as these rates are believed
and conserves the total mass. This redistribution is also why, mostly represent the effects of GI&lieng and Tapley
a 400 km extended_ integration zone (off the_coaStline) Wa%004. These zonal rates are not removed in the RLO5 data
used when computing total mass change estimates. How thgrocessing scheme, so no adjustments were needed for the
surface and rock densities are treated will be covered in thgy| 05 models.
next section, along with the consideration of elastic effects. g a1 solutions except the Delft Mass Transport (DMT-
1b) models produced at TUDiu et al, 2010, which use
a specialized method for the trend estimatiSie(mes et a.
2013, a linear trend was estimated using least squares for

Several data sets are used to perform the combination as wef@ch harmonic coefficient across the entire time series of
as validate the results. For this study, the total mass chang'@onth'y models (again, covering only the time period _from
estimates were derived from GRACE and the surface heighf €Pruary 2003 to October 2009). The trend was co-estimated
trends derived from ICESat. The properties of the surfaceWith @ bias, annual periodic, and tidal S2 (161 days) pe-
i.e., surface mass balance (SMB) and firn layer changes, werdodic terms. Earlier studiesSeo et al. 200§ indicated
taken from Antarctic climate and firmn densification models. that additional aliasing may occur at other tidal frequencies,
The solid earth densities were assumed to be 4000%gm €9+ K2 (1362.7 days); however, an investigation into these
for land, transitioning to 3400 kg under the ice-shelves, showed that only S2 showed_ a nonogable influence on the
consistent withRiva et al.(2009. The physical reason for long-term tr_ends over Antarctlca,_pqrtmular_ly for_ the_newer
the lower density value in the coastal areas (in particular unRLO5 solutions. Evidence for this is provided in Fig. S1
der the largest ice shelves) is twofold. First, GIA also induces" the Supplement, which shows the amplitude of the esti-

sea level changes, meaning that geoid changes over the oceJ}it€d K2 periodic signal in units of equivalent water height
will be due to the movement of both rock and water masses(EWH) computed from both a representative GRACE solu-
Second, ocean loading will affect the evolution of GIA it- ion (CSR RLO4 DDK3 in this case) and the 330 km Gaussian

self, which has been extensively discussedSyion et al.  Smoothed SMB estimates from the regional climate model
(2010. Only the surface heights and surface processes ove$€€ Sect3.3). The fact that the majority of the areas with
the grounded ice sheet were used, since these changes §§9¢" amplitudes in the GRACE solution (Fig. SM1a) are
not contribute to mass change over the ice shelves, while th&Patially correlated with those seen in the SMB estimates
GRACE data were used over both land and ocean regiondFi9- SM1Db) suggests that the signal seen in the GRACE data
The time period under investigation covers the entire ICESafS 9enuine mass variability at this frequency.

mission period, from February 2003 to October 2009. For the unconstrained CSR and GFZ solutions, the es-
timated long-term trend was then de-striped using an ap-

3.1 Gravimetry proach similar to that outlined Bywenson and Wal{2006),

but with the filtering parameters described®yambers and
The GRACE mission has collected data on the time-variableBonin (2012. Even though these parameters were created
nature of Earth’s gravity field since its launch in March 2002. with ocean applications in mind, the choice of polynomial

3 Data sets
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Fig. 1. Long-term mass change trends in units of EWH computed from the following GRACE solu@rsSR RL04,(b) CSR RL04
DDKS, (¢) CSR RL05,(d) CSR RLO5 regularizede) GFZ RL0O5 DDK5,(f) DMT-1b.

degree (5th order for RLO4, 4th order for RLO5) and starting3.2  Altimetry
degree and order (12 for RL0O4, 15 for RLO5) were found to
perform better than other alternative parameters tested, anfihe ICESat mission was the first Earth-orbiting laser altime-
were therefore used for this study. No de-striping was ap-ter and, while no longer operational, it was able to collect
plied to any of the regularized solutions or to any of the othervaluable information on the long-term (multi-year) surface
data sets (altimetry, climate, etc.) used in the combinations. height change of Antarctica over a period which directly co-
Several sets of regularized solutions were included in théncides with when the gravity data from GRACE was col-
analysis, to examine the potential impact that different spalected. The surface height change trends used for this study
tial filtering techniques may have on the final results. Thiswere computed using the latest release (R633) of ICESat
included the Wiener-type filter described Kysche(2007,  data Zwally et al, 2011), and were computed using an ap-
which was applied to the RL04 (DDK3) and RLO5 (DDKS5) proach involving OFPs, similar to that described $ipbbe
solutions for both the CSR and GFZ. A recently developedet al.(2008 for Greenland. This is the first time the OFP ap-
set of filtered solutions developed Bave et al(2012), uti- proach has been applied to Antarctica. The technique is well
lizing an L-curve method with Tikhonov regularization, was suited for observing long-term trends at a high spatial res-
also evaluated (named here “CSR Reg”). Finally, for theolution, since the co-location of the laser shots used in the
DMT1-b solutions, the anisotropic filtering method devel- height change estimates does not rely on interpolation and/or
oped byKlees et al.(2009 is applied after the long-term surface approximations inherent in other techniques, such as
coefficient trend is estimated (along with bias, annual, andcrossover and repeat-track analysis. The technique is particu-
S2 terms). larly useful for height change studies in Antarctica due to the
In total, 10 different GRACE solutions were evaluated, high density of laser shots from the near-polar orbit of ICE-
with the geographical plots for a representative selection ofSat. The data processing uses a set of editing criteria to re-
these cases shown in Fiy. The plots for all 10 solutions can move outliers, and estimates a custom set of inter-campaign
be found in Supplement Fig. S2. As can be seen, the trendBiases, the details of which are outlined below.
for nearly all solutions are quite similar; however, some vari- ] )
ations can be seen in terms of the magnitude and resolutio-2-1  Overlapping footprint approach
of finer features. As will be seen later, these variations WiII_I_h basi inciole of the OFP h s ill di
have an important influence of the outcome of the estimated.. e basic principle of the approach s llustrated in

. o ig. 2a, where an overlapping footprint pair is defined as any
A h lues from th t tions, &7 .
GIA and ice mass change values from the data combination two individual ICESat laser shots whose ground footprint

have at least some overlapping area. The technique described
by Hughes and Chrailf2011) was used to determine if the
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J— 20x 20km area blocks, with the uncertainties determined
N\ ' by scaling the formal error from the least squares regres-
T\ sion by the estimated variance of unit weight (EVUW) com-
\ b Z puted from the post-fit residual$ttang and Borrel997).
| e This EVUW scaling also helps to account for errors due to
' . v any seasonal variations that might be present. The estimated
) ' b) dh/dr values from this process are shown in F3g, with
the corresponding uncertainties in F&p. When integrated
Fig. 2. lllustration of(a) an ICESat overlapping footprint (OFP) pair ONIy over the grounded ice sheet, using the boundaries de-
and(b) near-neighboring shots. fined by Zwally et al. (2012, the total volume change is
approximately—109+ 68 kP yr—1. Most of the largest un-
certainties are located in areas of steep topography, frequent
cloud cover, and/or poor measurement sampling, and include
ellipses characterizing any two laser shots physically over+egions such as the Transantarctic Mountains, Amundsen Sea
lapped, as well as the percentage of overlap if they did. Thesector, and the Antarctic Peninsula, among others.
two laser shots can come from any two ICESat campaigns
and are not restricted to ascending or descending tracks3.2.2 Estimation of campaign biases
however, OFPs within the same campaign are excluded in
this study due to the higher uncertainties they introduce. Thelhe ICESat laser shots are known to have a systematic bias in
height change (d) from an OFP pair is divided by the time them that can introduce cm-level errors if neglect@difter
difference (d) of the two shots to compute a height change et al, 2009. To minimize the effect of these campaign-
rate (ck/dt). To reduce the impact of slope effects, the degreespecific biases, an approach to estimate their magnitude was
of overlap can be used as an editing criterium so that the cenadopted using a low-precipitation zone (LPZ) in East Antarc-
ter of the two footprint ellipses is as close as possible. Thistica (EA), along the same lines &Sunter et al.(2010
option will be used in the next section when estimating theandRiva et al.(2009. While other techniques exist in the lit-
inter-campaign biases. erature to estimate these campaign biaSkelsgn and Schutz
To find potential OFPs, the maximum radius for each cam-2005 Siegfried et al.2011;, Ewert et al, 2012 Borsa et al.
paign (the footprint radius is not constant over time) is first 2014, use of the LPZ offers several advantages as a cali-
determined based on all available shots. Any two shots whosération zone. First, the LPZ is one of the driest places on
centers are closer than the total sum of their respective cankarth and gets very little precipitation and, hence, surface
paign radii were considered OFP candidates. Depending oheight change. Second, it is a large area, which helps im-
the shape and orientation of the two laser footprints, it is posprove the reliability of the results. The region is also local
sible that two footprints can be close enough for their cir-to Antarctica, whereas many other techniques are based on
cumscribing circles to overlap without the actual footprint regions in other parts of the world. Finally, the density of
ellipses overlapping, as illustrated in Figh. These neigh- ICESat ground tracks is highest in the polar regions, mean-
boring shots in Fig2b offer the same information content ing many more observations can go into the estimation of the
as those in Fig2a, since the shot centers are still within biases. The exact region used to estimate the campaign bi-
twice the (maximum) semi-major axis distance from eachases is shown in Figl and was derived using output from
other in both scenarios. As such, the ICESat-derived surthe regional climate model to be discussed in SB@. In
face height trends used later include these neighboring shotgarticular, the region corresponds to an area that is estimated
termed here “near-neighboring” (NNs) shots, to distinguishto have less than 21.9 mm EWH7krof average yearly solid
them from the physically overlapping OFPs. Approximately precipitative flux, a value chosen by trial-and-error to create a
151 million total OFP/NN shots were used, of which 76 mil- continuous low-precipitation zone that is sufficiently isolated
lion were NNs. Unless otherwise noted, future references tdrom areas of steep topography.
OFPs will imply that both OFP and NN pairs are included. Using this LPZ, a select set of ICESat measurements were
The original full set of R633 laser shots used in the anal-used to precisely estimate the biases. One of the advantages
ysis was edited using standard quality flags as well as otheof the OFP approach is that the degree of overlap between
criteria, such as the use of only single peak shots, a maximunwo laser shots can be tuned to a specific range. With a higher
gain value of 150, and a maximum co-elevation angle ofoverlap criterion, the shots have more coincident ground cov-
0.45. In addition, any d/dr values computed from individ- erage, but at the expense of reducing the number of OFPs
ual OFP/NN pairs greater than 12 nmyrwere excluded, as used, since fewer shots will satisfy the criterion. For the de-
this is assumed to be larger than most known glacial thinningermination of the campaign bias, it was important that the
or ablation processe®(itchard et al.2009. A linear trend  shots involved in the OFPs have high levels of overlap, to
in time (without annual terms) was fit using least squaresreduce any potential errors caused by changes in the surface
across all (d, dr) pairs satisfying the editing criteria within topography within the footprint area. As such, the OFPs used
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Fig. 5. lllustration of the ICESat campaign biases determined over
the LPZ for each individual campaign (grey), the median value

(cyan), and the median minus the surface deformation (blue) pre-
dicted from the firn densification model (FDM; magenta).
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Fig. 4. Outline of the low-precipitation zone (LPZ; black line) over- of the least median of squares of the remainihgaues was
laid onto estimates of average yearly solid precipitative flux in created, using each campaign as a reference, for a total of 18
units mm EWH yr—1, together with the following location indica- different bias profiles (gray lines in Fi§). For example, the
tors: Amundsen Sea (ASE), Graham Land (GRA), Filchner Ronnebias pI’Ofi|e USing Campaign 3b would consist &f ehlues
Ice shelf (FRIS), Enderby Land (END), Philippi/Denman (PD), from the OFP combinations 1a—3b, 2a—3b, 2b—3b, etc. The
Wilkes/Adelie Land (WAL), Ross Ice shelf (RIS). . ' T ’ .
mean of each profile was removed before taking the median
value at each time step (cyan). To investigate the influence
of possible accumulation or compaction in the LPZ, the firn
for the bias estimates were required to have at least an 80 %ensification model (Sec8.3) was used to predict any sur-
overlap with one or both of the laser shots. In addition, anyface change of the firn. The model did suggest a small surface
dh values greater than 1m were considered outliers and extowering over the LPZ, on the order ef0.15cmyr! (ma-
cluded (this overlap and dh editing criteria were only usedgenta), and this value was removed from the median values to
for the determination of the campaign biases). A time seriesarrive at the final campaign bias estimates (dark blue) shown
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cm/yr

Fig. 6. (a)Firn densification model (FDM) surface height velocities éo)dcorresponding uncertainties.

in Table 1. Standard deviations for each campaign bias areTable 1. Estimated ICESat campaign biases and uncertainties by
also provided in the table. There is a small amount of varia-campaign.
tion in the biases from campaign to campaign, but the overall

trend on the bias estimates is 1:58.08 cmyr?!. This is Campaign StartDate  EndDate  #Days Bias (my (m)
generally consistent with the earlier 2.0 cm/yr bias estimates la/b 2003-02-20 2003-03-29 38 —0.046 0.017
computed using mean sea surface comparis@oster et al. gs gggj'gg'i? gggi'cl);';f gi —8-82&73 8-813
2009 as well as other estimates in the literatudel{an and 2¢  2004-05-18 2004-06-21 35 —0.004 0047
Schutz 2005 Siegfried et al.201% Ewert et al, 2012); how- 3a 2004-10-03 2004-11-08 37 —0.053 0.034
ever, these previous bias estimates used earlier ICESat data 3b  2005-02-17 2005-03-24 36 —0.035 0.023
releases, so are not directly comparable to the estimates of gg gggg:gg:gg gggg:gigi gg _0'0018 o6 0'00232 o
this study. The G-C corrections to the ICESat Qat_a described 3e 2006-02-22 2006-03-28 34 0009 0013
by Borsa et al.(2014 were not applied, as this is a rela- 3f 2006-05-24 2006-06-26 33 —0.002 0.026
tively new development, but since the biases computed for gg ;ggg'(l)g'ig ggg‘;‘é‘l{ﬂ gj 8'8?5) 8-813
thls §_tudy are calibrated to the LPZ, thls.should not have a 3 2007-10-02 2007-11.05 37 0012 0014
significant influence on the results assuming the G-C correc- 3j 2008-02-17 2008-03-21 34 0.031 0.013
tions essentially manifest themselves as campaign dependent 3k 2008-10-04 2008-10-19 16 0.043  0.029
biases (e.g., as shown in Table 1Bxfrsa et al.2014). Also g‘i iggg‘éé‘ég ;ggg'éi'ﬂ gi g-gig g-gég
note that because the mean was removed from the individual 2f  2009-09-30 2009-10-11 12 0.037 0.055

profiles the values represent the bias offset with respect to
the midpoint of the ICESat mission lifetime. The estimated

biases were removed from the individual laser shots involved ]
in the height change calculation for each OFP, i.e., before thd"® for Medium-Range Weather Forecasts (ECMWF), ERA-

trend-fitting by blocked area discussed in the previous seclnterim, for the period 1979-2010 and run at a horizontal res-
tion. olution of 27 km {enaerts et al.2012. In conjunction with

the time-varying estimates of SMB from RACMO2, which
3.3 Climate data is the sum of mass gains (precipitation) and mass losses (sur-

face runoff, sublimation, and drifting snow erosion) at the ice
In order to separate the deformation caused by surface prasheet surface, a firn densification modeigfenberg et al.
cesses (ice, firn) from those of the solid-earth (GIA), both the2011) is also used, which is forced at the surface with the
volume and mass change of the ice sheet needs to be knowf-hourly climate output of RACMO2. The FDM provides
There are many complex processes at work that complicatéemporal surface height changes due to SMB variations, lig-
the determination of these quantities, including regional vari-uid water processes (snowmelt, percolation, refreezing, and
ations in temperature, accumulation, and firn compaction. Taunoff), and firn compaction. Figuré shows the total sur-
account for these, the output of the RACMO2 regional at-face height rate, and associated uncertainties, as derived from
mospheric climate model is used, which is driven by thethe FDM model over the study period. It is important to note
latest atmospheric reanalysis data from the European Certhat the FDM of Fig.6b only represents the surface height
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changes of the firn, and does not reflect changes due to eification of Eq. ():
ther the solid earth or ice dynamics. Furthermore, the mass

change of the firn over timejsim, is derived from the SMB, ;. — mGRACE — [(icESat— hfim) - o +mﬁm]’ @)
which is a separate product generated from RACMO2, al- Prock — Pa
though both the FDM and SMB estimates are inherently\yhere
linked. . .

Two basic assumptions were made to account for height 917 kgnt?, if hicesat— hfim < 0
differences that were found to exist between the altimetry and|hicesat— hfin| > 20h
measurements and the FDM. First, the uncertainties of thé« = ) Psurf, if hicesat— hfim > 0 4
height estimates derived from the ICESat and FDM data sets and|hicesat— hfin| > 20n
were defined over each approximately 20kr20 km grid 0, otherwise.
cell as

In words, this equation essentially takes the mass change as-
sociated with surface processes and subtracts this from the
oh = /UI%ESatJr UEDM» 2) totgl mass change signal observed from GRACE. T_he re-
mainder represents mass change due to GIA, which is con-
. . . verted to uplift using the assumed rock density (or density
using the standard deviations shown in Fgand6. In or- qigterence between rock and iceffir, if applicable). The al-
der to convert the volume changes derived from the ICESa}j ety data, combined with the surface height changes from

data into mass, the density of the volume change needs e FDM, primarily accounts for the changes due to ice dy-
be known. Because RACMO2 only models fir processesy amics and the SMB model mostly accounts for the mass

any negative differences between the ICESat and FDM Surg e of the firn, with additional contributions from the al-
faces that were greater thamn2for any given grid cell o0y \when the observed/predicted surface heights from the
were assumed to b(_e the rgsult of |ce.dynam|cs (glacier th'”]CESat and FDM data are sufficiently different (i.e.201).
nlng), and the de?flSIty' a§3|gned to thls.vlolume. loss was that It should be noted that, in the combination, an elastic cor-
of ice (917kgnr™). Similarly, any positive height differ- oo js made for the load represented by the right-hand
ences beyond theog level were attributed to an underes- qge of the numerator in Eq3) i.e., for the surface mass
timation of SMB by RACMOZ and given a density Closer  5iations computed from ICESat and the SMB data. This

to that of snow using a.static den;ity _profile similar_to t.hat correction ultimately has a negligibly small influence on the
‘?f (Kaspers et aIZOOQ, |IIustr§1ted in Fig. SM3 The JUSt- final results, but is done in the interest of completeness.
fication for the densities assigned to positive height differ-

ences is shown in Fig. This plot shows the derived density 3.4 \Vertical site-displacements

(Fig. 7c) computed from those regions where the (GRACE

— SMB) differences were greater than 20 kgfyr—! and The output from the combination represented by BJ.ig

the (ICESat — FDM) were greater than 6 cmyr The re-  a vertical rate associated with GIA over Antarctica, hereafter
sulting densities in Fig7c are predominantly in the 350— referred to as the empirical rates. In particular, this rate refers
600 kg nT2 range, with a mean value of 381kg sug-  to the rate of solid-earth uplift due to GIA, as opposed to
gesting that the use of snow densities for these positive heighthe change in the geoid also associated with GIA, with the
anomalies is reasonable. Note that the Kamb Ice stream resubsequent use of the term “GIA rate” implying only this
gion in West Antarctica (WA) was not included in the com- solid-earth uplift. While a map of these values can be com-
parisons of Fig.7. The Kamb Ice stream is a special area pared against other GIA models in an attempt to assess its
where no ice discharge takes place, and the positive heigtaccuracy, an alternative approach is to compare the empirical
change is assumed to be a build-up of ice (glacier thickentates with those observed by ground-based GPS stations. For
ing). For this reason, the (positive) height differences in thisthis study, vertical displacement rates for up to 35 GPS sta-
area were assigned a density of 917 kifrand the areawas  tions were used for the comparisons to be shown later. The
the only location where the default density rules of positive processing of the GPS data followed the approacfhoimas

or negative height differences were not applied. If the heightet al.(2011), and includes data from both campaign and per-
differences between ICESat and the FDM fell withisn,2  manent stations. Elastic deformation effects were accounted
the height measurements were considered to be within théor using the model ofThomas et al(2011) based on ice
uncertainty of the data sets, and the volume/mass of the difmass flux observationR{gnot et al, 2008 with the ex-
ference was neglected. It is important to note that these asseption of sites in the northern Antarctic Peninsula where
sumptions only deal with potential residual signal observedthe elastic model does not accurately reproduce near-field
between ICESat and the FDM. The majority of the surfacedisplacements. In this region, we therefore folldlwvomas
mass changes come directly from the SMB estimates (i.e.et al.(2011) in adopting velocities for the period before 2002
ntfim) derived from RACMOZ2. As such, the utilization of the as upper bounds on millennial-scale GIA. At the remain-
SMB and FDM in the combination approach required a mod-ing sites the elastic corrections are generally small (typically
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Fig. 7. (3) (GRACE-SMB) > 20 kg nT 2yr—1, (b) (ICESat-FDM) > 6 cmyr1, (c) derived density (mean 381 kgTh).

<0.3mmyr) due to their location in the far field of the a secular trend in the geocenter motion (degree one coeffi-
dominant ice mass changes within the Amundsen Sea coasients), then anyZ component rate would be unaccounted
and the northern Antarctic Peninsula. Ice mass loading variedor in this analysis. The uncertainty in the determination of
non-linearly over the GPS data period and this is not reflectedC; o (related to Earth’s oblateness) from GRACE has been
in the elastic model, but for sites outside the northern Antarc+ecognized for some time, and it is why values from satellite
tic Peninsula this loading is largely due to accumulation fluc-laser ranging are still recommended to be used in place of
tuations, and they generally induce small and largely sitethose found in the official data products. Any trend or other
specific biases in the elastic model. inconsistency in the coefficient values used forpGvould
Following a similar approach a&hitehouse et a(2012), translate into a rate bias for Antarctica. Errors in the ICE-
comparisons with the GPS data were done by computingsat campaign bias could also contribute to the differences
the weighted root-mean-square of the residuals (WRMS) beseen, as would any inconsistency in reference frames used by
tween the vertical empirical or modeled rates and those obthe various data sets. It is important to note that every 1 mm

served from the GPS station3:( of offset in the GIA rates over the entire continent would
translate into approximately 50 Gtyk of solid-earth mass
S w; - (hrock — hop9)? change, so while the magnitude of the offset is small, its im-
WRMS = > w; ’ ®) pact on the solution can be significant.
' To address the issue of potential offsets in the solutions,
where the weight, use was made again of the LPZ shown in HigThe rate of
GIA in this region is expected to be very small, i.e., signifi-
w; = 1 ©6) cantly less than the unknown bias offset caused by the vari-
08pst Ok ous sources discussed above. As such, the LPZ is used as a

calibration area, where both the mean surface height change

incorporates both the uncertainty of the individual GPS sta-(Sect.3.2.2 and subsequent GIA is assumed to be zero in
tions cpg as well as the uncertainty of the GIA estimate that region. In terms of a practical implementation, this is ac-
(0rock, described later in Sedi.1) at the station location. The - complished by computing the mean value over the LPZ of
uncertainties for the GPS stations ranged froi®.3 mm (in- the smoothed ok values generated from E@)( This mean
dicated by large symbols in Fig0), to 0.3—1.5mm (medium  value, termed the “LPZ GIA bias”, is then subtracted from
symbols), and- 1.5 mm (small symbols). Additional details aJ| GIA values uniformly. The magnitude of the LPZ GIA
of the comparisons with the GPS displacements will be dis-hjas for each case investigated is shown in Tabl8ubse-
cussed later in Secs. quent references to the empirical GIA rates derived from the
combination approach imply that this LPZ GIA bias has been
removed.

Calibrating the solutions to the LPZ provides a simple but
effective way to deal with the range of bias contributors (i.e.,
j.geocenter, reference frame, campaign bias, etc.) that are cur-

cally derived GIA rates. Earlier investigations into this sug- rently not known at the mm-level or less. Taking geocenter

gested that the cause of this bias could come from severdlS @1 €xample, it was earlier mentioned that the degree one
sources Gunter et al. 2010. For example, if there exists coefficients fromSwenson et al(2008 were added to the

4 GIA bias correction

One of the early observations from the combination re-
sults was the presence of a mm-level bias in the empiri
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Fig. 8. Estimated empirical GIA vertical rates computed from the combination approach &)Eqd using the following GRACE solutions:
(a) CSR RL04,(b) CSR RL04 DDK3,(c) CSR RL05,(d) CSR RLO5 regularizede) GFZ RLO5 DDKS5,(f) DMT-1b.

Table 2. Estimates of the mass change components derived from the data-driven approach. Uncertainties/Adse provided is the
maximum spherical harmonic degree and order of the original GRACE solution used.

Max LPZ bias Total est. mass change Ice mass change,

sph. harm.| GIA GRACE from GRACE (Gtyr1) | Estimated GIA (Gtyrl) | GRACE - GIA (Gtyr1)
Solution deg< ord | mmyrl mmyrlEWH | EA WA AlS | EA WA AlS | EA WA AlS
CSR RL04 60| 1.8 1.4 57 -71 -13] 52 34 87| 5 —105 —100
CSR RL04 DDK3 60| 17 1.0 53 —66 —13| 48 40 87| 5 —105 —100
CSR RLO5 60| 1.9 1.7 42 77 —-35| 37 28 65| 5 —105 —100
CSR RL0O5 DDK5 60| 1.9 17 42 -78 -36| 37 27 64| 5 —105 —100
CSR RLO5 Reg 120 1.9 17 42 -78 -36| 36 27 63| 5 —105 —100
GFZ RL04 120 17 0.9 64 —62 2| 60 43 103| 4 -105 —101
GFZ RL04 DDK3 120 1.6 0.6 58 —59 —1| 53 46 100 5 —105 —101
GFZ RL05 90 2.1 2.3 41 —-86 —45| 36 18 54| 5 —104 —99
GFZ RLO5 DDK5 90 2.1 2.4 39 -85 —47 | 33 19 53| 5 —104 —99
DMT-1b 120 1.6 0.6 41 58 -17 | 35 48 82| 6 —106 —100
1J05 33 41 74
ICE-5G 53 48 101
Wi2a 5 46 51
Riva09 59 33 92
Est. uncertainties | | 18 6 19] 3¢ 21 40| 38 22 44

GRACE data, although there exist many alternative estimate3able SM1, even when considering the difference between
for these coefficients, such as those frGimeng et al(2011) EA and WA. This provides evidence that the LPZ GIA bias
and others, which often produce estimates of differing phaseorrection successfully removes the mmidevel biases
and amplitude. As an illustration, the spatial variability present in the degree one coefficients, regardless of which
in the estimated trends between tS8aenson et a[2008 set of coefficients is used.

andCheng et al(2017) coefficients can be seen in Fig. SM4,  The LPZ bias correction also allows each solution to
expressed in units of mmy# EWH. When either of these be compared more equivalently, since the bias contributors
degree one solutions is used in the combination approach anghich are removed may be different for each case. The pri-
calibrated over the LPZ (i.e., subtracting the LPZ GIA bias), mary consequence for using the LPZ in this way is that the
the end results change by only a few Gtyras shown in  GIA solutions created become regional to Antarctica, and

The Cryosphere, 8, 743%60, 2014 www.the-cryosphere.net/8/743/2014/



B. C. Gunter et al.: Estimation of present-day Antarctic GIA and ice mass change 753

therefore cannot be used to estimate global GIA effects, suclieved to be realistic error uncertainties. Where possible, un-
as the far-field GIA signal from the Northern Hemisphere. certainties provided for the individual input sources were
Second, if any genuine GIA over the LPZ does exist, then thisused, while for other sources certain assumptions were made,
would erroneously bias the empirically derived rates from thethe details of which are outlined below.
combination approach; however, as mentioned already, any For the GRACE data, the uncertainties were derived using
error of this kind is believed to be much lower than that in- formal error propagation techniques and the publicly avail-
troduced by the various other (imprecisely known) bias con-able calibrated errors provided by the CSR for each monthly
tributors. solution, along with the uncertainties provided with the de-
gree one and £ coefficients. The calibrated errors were
first propagated into EWH using the functional model de-
5 Combination results scribed bywahr et al (1999. These errors were in turn prop-
agated onto the trend component, using the same parameter-
The geographical plots of a select set of the resulting GlAization described earlier in Se@&.1 Though not shown, the
models created from the LPZ calibration approach are showSRACE errors do have a latitudinal dependency to them, but
in Fig. 8 (the full set of plots can be found in Fig. SM5 for Antarctica they are relatively uniform at approximately
of the Supplement). The corresponding mass change valuek-1.5 mmyr! EWH. It is important to note that the errors
are provided in Tabl@, expressed in total gigatons per year for GRACE are assumed to be the same for all solutions eval-
(Gtyr—1) and divided into regions representing EA, WA, and uated, which is a source of future refinement for the com-
the total Antarctic Ice sheet (AIS), following the grounding bination approach. The errors for the ICESat trends made
lines defined byzwally et al.(2012 (extended outwards by use of the EVUW-scaled uncertainties discussed in Sezt.
400 km to account for the smoothing). By multiplying the which are shown in Fig3b. Note that neither the GRACE
uplift rates derived from Eq.3] by the density of rock, the nor ICESat trends account for autocorrelation in their time
resulting empirical GIA mass change rates were then subseries Ferguson et al.2004 Williams et al, 2014, so the
tracted from the total mass change estimated from GRACEuncertainties used here can be considered as lower bound es-
to derive a corresponding ice mass change value, also showiimates. The FDM provided has associated uncertainties, as
in Table 2. Since the earlier LPZ GIA bias was estimated shown in Fig6b; however, the SMB information used to de-
using all components in Eq3) (i.e., including SMB, sur- terminenin in Eq. @) does not have estimated uncertain-
face heights, and GRACE), in order to compute the ice masé$ies, so a standard deviation of 10% of the value for each
change estimates in a consistent manner, a separate LP#Iid point was used as a conservative estimate, similar to
bias was estimated for only GRACE, i.e., the “LPZ GRACE that employed byRignot et al.(2008. For the rock den-
bias”, the values of which are shown in Talflén units of  sities, a standard deviation representing 100 kg rof the
EWH. Again, this is done to ensure that the mean value ofvalue for each grid point was assumed, representing a 33 %
mass change over the LPZ is set to zero. uncertainty in the difference between the 4000 kfrapper
As mentioned earlier, the altimetry and climate data wererange used and the average value of 3700 kg proposed
only used over the grounded ice sheet since the hydroby Wahr et al(2000. Likewise, for the surface density value
static equilibrium assumed for the floating ice shelves wouldused when treating the differences between ICESat and the
not introduce any mass changes over these regions. ThisDM, a 10 % standard deviation was also used per grid point.
means that the GRACE data is primarily responsible for The aforementioned input data uncertainties were then for-
estimating the GIA signal over the ice shelves. In addi- mally propagated using Eq3)to generate total uncertain-
tion, the ocean mass change over the ice shelves was aties for the three major mass change quantities (total mass
sumed to be small compared to the mass changes assogihange, GlA-related mass change, and ice mass change) for
ated with the solid earth uplift, so these effects were not di-EA, WA, and the AIS. The uncertainties for the AIS were
rectly treated in this study. To verify this claim, the ocean computed by taking the square root of the sum of squares
mass change over the entire 400km extended integratioef the EA and WA uncertainties. This is consistent with the
area was computed using the ocean mass change predignalysis done as part of the recent Ice Sheet Mass Balance
tions from Bamber and Rivg2010, which includes the ef-  Inter-comparison Exercise (IMBIEBhepherd et 812012,
fects of self-gravitation. The total mass change over the enand is justified by the fact that the primary signals in EA and
tire Antarctic coastal region (i.e., within the 400 km zone) WA are sufficiently separated for their errors to be treated

was only 4.5 Gtyr?, confirming that the impact is small. as independent of each other. These results are summarized
in the last row of Table2, with the geographical variation
5.1 Uncertainty analysis of the uncertainties shown in Fi@. The GIA uncertain-

ties (1) over the AIS are 40 Gtyr!, with the regions of
Errors in the empirical GIA and ice mass change estimatesiigher uncertainties located in the areas most expected, such
from the combination approach were computed using for-as the Amundsen Sea sector (ASE) and Wilkes/Adelie Land
mal error propagation techniques, resulting in what are be{WAL), correlating to the regions of highest uncertainty in

www.the-cryosphere.net/8/743/2014/ The Cryosphere, 8, 7486, 2014



754 B. C. Gunter et al.: Estimation of present-day Antarctic GIA and ice mass change

o Table 3. Comparison of estimated GIA rates with GPS vertical

rates, using the uncertainties for both the GPS and GIA uplift rates
in the WRMS calculations.
WRMS
Solution 29-GPS-station set  35-GPS-station set
mmyr-1 mmyr-1
CSR RLO4 1.9 2.1
CSR RL04 DDK3 1.9 2.1
by CSR RL0O5 1.8 21
CSR RLO5 DDK5 1.8 2.1
CSR RLO5 Reg 1.8 21
GFZ RLO4 21 22
GFZ RLO4 DDK3 2.0 2.1
GFZ RL0O5 1.9 2.2
GFZ RLO5 DDK5 1.8 21
DMT-1b 1.8 2.0

mmyyr

20 25 d) 0o 50 - could impact the comparison of the GPS and derived GIA
rates Scambos et 812004 Thomas et a).2011). Examples
include potentially strong elastic effects on the GPS stations,
the fact that ICESat is relatively data poor in this region, and
the ability of GRACE to resolve the mass change of narrow
north—south oriented features. The WRMS comparisons for
both sets of GPS stations are shown in Téhleith the sta-

the SMB and altimetry data sets. The ice mass change esttions excluded in the 29-station subset designated by square
mates are relatively well defined for WA at 22 Gtyr with ~ symbols in Fig10.

more uncertainty over EA, due primarily to the much larger ~ The results shown in Tabare useful for evaluating the
surface area involved. In general, the ice mass change urerformance of the various individual cases computed from
certainties match those of the IMBIE study, as well as otherthe combination approach, primarily because the uncertainty
recent studiesKing et al, 2012 Jacob et a).2012. Uncer-  0f the resulting GIA rates can be used in the WRMS calcu-
tainty levels for GIA uplift rates are inherently difficult to lation. For comparisons of the empirically derived GIA rates
quantify with current modeling techniques, and this is there-to those from existing GIA models, the uncertainties of these
fore one of the strengths of the data-driven approach. A morénodels are not always available. Therefore, the comparisons
detailed discussion on the implications of these uncertaintiedvith the GIA models were handled slightly differently, with

Fig. 9. Estimateqa, b) and uncertaintiegc, d) for the empirically
derived GIA rateqa, c)in mm-yr—1 and ice mass change rates
(b, d) in mm EWH- yr—1, using the representative case CSR RL04
DDKa3.

on the results will be provided in the next sections. the intention of making the comparisons more equivalent.
The individual assumptions and choice of Earth model pa-
5.2 Comparisons with GPS ground stations rameters for each of the models is different, and again may

result in a bias offset with the observed GPS rates. To ac-
To gain more insight into the performance of the estimatedcount for these, a bias term was estimated and subtracted be-
GIA rates as well as to ensure an equal comparison withtween the GPS and modeled-GIA rates before the WRMS
existing GIA models, the GPS rates were compared to sevwas computed. This bias was estimated using nonuniform
eral variants of the estimated GIA uplift rates. The first ap- weights based on the GPS station uncertainties discussed in
proach uses the same WRMS calculation as are describeflect.3.4. A similar systematic bias term was also estimated
by Egs. 6) and 6), using the empirical rates corrected with for the empirical rates from the combination approach, and
the LPZ GIA bias described earlier, along with the estimatedwas removed in addition to the LPZ-bias term discussed pre-
GPS and GIA uncertainties. Both the full 35-station set of viously. As shown in Tablel, the average systematic bias
GPS stations were used, as well as a smaller subset of 29 steragnitude is approximately 1 mmyrand has an estimated
tions. The 29-station subset was chosen to remove the influancertainty of~0.3mmyr!, demonstrating the bias to be
ence that stations on Graham Land (GRA) might have on thestatistically significant. The removal of the GPS bias serves
WRMS calculations as well as on two other stations whichto reduce all solutions to the same frame as the GPS net-
showed vertical rates with large differencesgmmyr-1), work, and ideally allows the WRMS values computed to re-
or were opposite in sign, to neighboring GPS sites. GRA is aflect the spatial correlation with the station displacements and
particularly dynamic region, and there are many factors thanot additional systematic differences such as global reference
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Fig. 10. Comparison of the 35-station WRMS of the residuals between the vertical rates from the GPS stations and the uplift rates derived
from the following empirical/modeled cas€gs) CSR RL04 DDK3,(b) CSR RL0O5 Reg(c) DMT-1b, (d) ICE-5G, (e) IJ05, and(f) W12a.

Note that, for these comparisons, a systematic bias is removed from the empirical/modeled rates with respect to the GPS network (see tex
for details).

frame differences or far-field model assumptions. In additioncorrections to the values shownTiomas et al(2011), and
to the systematic bias correction, because model uncertairpartially repeated iftVhitehouse et a{2012, due to an error
ties are not provided for all models, only the uncertainties ofin their WRMS calculations (the updated values do not affect
the GPS stations were used in the WRMS calculations. Thighe ranking of these models in these earlier works). To visu-
is equivalent to settingyock to zero in Eq. 6). ally examine the differences, a selection of three empirical
The empirical rates were compared to the rates predictedolutions representing the various GRACE processing vari-
from three recent GIA models: the ICE-5G modBkltier, ations (CSR RL04 DDK5, CSR RLO5 Reg, and DMT1-b)
2004 1, the 1305 model Igins and Jamegs2005, and  are plotted in Fig10 alongside the three GIA models, with
the W12a model Whitehouse et al.20122. The Simon all figures representing the 35-station case after adjustment
et al. (2010 revision of the 1J05 model was used (full sea- for the systematic bias. For reference, plots of the original
level equation and global ocean loading) with no Antarc- unadjusted GIA models can be found in Fig. S6 of the Sup-
tic continent load change since 800 BP. Also included inplement.
the comparisons were the results from the earlier study
by Riva et al.(2009, termed here Riva09. As before, com- 5.3 Discussion
parisons were made using both the full 35- and 29-station
data sets. The results are listed in Tablend show both the Several observations can be made when examining the re-
original WRMS and bias-corrected WRMS values. For the sults of the combinations and the comparisons with the GPS
GIA rates derived from traditional modeling techniques, it vertical displacements. First, the spatial pattern of the em-
is recognized that the choice of different earth, ice-loading,pirically derived rates is mostly similar across all solutions,
or other parameters will result in more than just a uniform with most of the variations involving differences in magni-
bias correction, and the errors involved may have some spaude. For example all solutions indicate sizeable uplift in WA
tial variability; however, without more detailed knowledge and a slight degree of subsidence for most of the EA interior.
of these variations, it was felt that removing these first-orderSimilar patterns of subsidence are also observed in the W12a
effects with a bias correction was more appropriate than noeind 1J05 models. The same can be said for the uplift beneath
correcting for any systematic differences at all. Note also thathe Filchner Ronne Ice shelf (FRIS) and Ross Ice shelf (RIS).
the WRMS values shown for Riva09, 1J05 and ICE-5G areThe magnitude of this uplift does vary depending on the so-
lution considered (including models), but in general the ge-
Lwww.psmsl.org/train_and_info/geo_signals/gia/peltier/ ographical location of the signal is common to all cases. It
2www.dur.ac.uk/pippa.whitehouse/ is worth noting here again that any height changes over the
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Table 4. Comparison of estimated GIA rates with GPS vertical rates, using only uncertainties for the GPS uplift rates in the WRMS calcula-
tions.

29-GPS-station set 35-GPS-station set
Systematic  Bias-corr Systematic  Bias-corr.
Solution WRMS bias WRMS | WRMS bias WRMS
CSR RL0O4 1.7 1.3 1.2 1.9 1.2 1.5
CSR RL0O4 DDK3 1.7 1.3 1.1 1.9 1.2 1.4
CSR RLO5 1.6 0.9 1.4 1.8 0.8 1.6
CSR RLO5 DDK5 1.6 0.9 1.3 1.8 0.8 1.6
CSR RLO5 Reg 1.6 0.9 1.3 1.8 0.8 1.6
GFZ RLO4 2.1 1.5 1.4 2.1 1.4 1.6
GFZ RL04 DDK3 1.8 1.4 1.2 1.9 1.3 1.4
GFZ RLO5 1.6 0.8 14 1.9 0.6 1.7
GFZ RLO5 DDK5 1.6 0.8 1.4 1.8 0.6 1.7
DMT-1b 1.7 0.9 1.4 1.8 0.9 1.6
1J05 3.4 25 2.2 3.4 2.4 2.4
ICE-5G 3.0 1.2 2.8 3.0 1.1 2.8
W12a 2.2 1.4 1.7 2.3 1.3 1.8
Riva09 2.1 1.6 14 2.2 15 1.7

ice shelves were ignored since the hydrostatic equilibriumare taken into account, the altimetry-derived mass loss is
of the floating ice would not result in changes to the total greater for the ASE, resulting in a positive mass offset when
column mass. Therefore, the empirical GIA rates under thecompared to GRACE; this is interpreted as GIA uplift in the
ice shelves were estimated almost entirely from the GRACEnversion.
data, under the assumption that ocean mass changes in theThat the traditional models based on ice history recon-
region were negligible. struction do not show the same magnitude of signals as those
In the ASE, the empirical models indicate higher rates ofestimated from the empirical approach may be largely due
uplift than those typically predicted in this area by the otherto the fact that these models do not typically consider ice
models based on ice history reconstruction. There are seMoad changes that have occurred in the past 1000 years or so.
eral plausible reasons that might explain this signal. The firsiNield et al.(2012 showed in their study that large, present-
is that genuine GIA uplift is taking place in this area, as sug-day changes in ice loading can have a noticeable impact on
gested by a recent study IBroh et al.(2012); however, the  GIA uplift rates, particularly in regions of low viscosity, such
in situ data used to validate the results of this study were deas the Antarctic Peninsula.
rived from only two seasonal GPS campaigns, so these data Naturally, there are other plausible explanations for the ob-
have large uncertainty and need to be confirmed by addiserved uplift in the ASE. It is possible that the gridded ICE-
tional long-term GPS measurements. The error analysis foBat height change maps may overestimate the total volume
the combination approach, shown in Fig, produced a b loss in the ASE or that GRACE is underestimating the mass
uncertainty level of approximately 2 mmyk for the ASE,  loss. In either of these cases, the positive mass differential un-
making the 8 mm yr—1 uplift rates shown by all of the em- accounted for would be interpreted as GIA uplift in the com-
pirical rates in Fig8 statistically significant (i.e., greater than bination. Alternatively, the SMB estimates could be over-
the 95 % confidence interval), providing additional evidenceestimating the amount of accumulation in the region, again
that the uplift observed is real. The earlier results obtainedcausing the positive mass differential with what GRACE ob-
by Riva et al.(2009 do not show the same degree of uplift serves to be treated as GIA uplift. While no long-term GPS
in the ASE (see Supplement Fig. S6), even though a similarvertical rates are currently available in the ASE, there have
technique was employed. The difference can be explained bjpeen a handful of permanent stations recently installed which
the fact that the new approach presented here considers finwill help validate these clainis These future GPS measure-
compaction and surface processes via the FDM and SMBnents should also help to clarify the magnitude and spatial
estimates from RACMO2. ThRiva et al.(2009 study did  extent of the uplift, as some of the GIA solutions predict
not account for any surface height or density change causethore widespread uplift than others. In particular, the RLO4-
by the sizeable amount of accumulation{0cmyr?, see  based solutions tend to produce a larger extent of GIA uplift
Fig. 6) that takes place in the ASE, and assigned all volumeover the ASE than the RL0O5-based solutions, while the RLO5
loss a density of ice. Doing so generates a lower mass-lossolutions indicate more uplift over the FRIS.
rate for the region; however, now that these surface processes
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In the Philippi/Denman (PD) sectors, the empirical GIA more variation in the results can be seen. The CSR RL04
rates show a stronger uplift pattern than those found in theDDKS3 solution shows the lowest WRMS after the systematic
GIA models (Figs.8 and Fig. S6 in the Supplement). It is bias is removed at 1.1 mmy#t, but the results of the other
not believed that the estimated uplift is the result of any un-regularized solutions for both RL0O4 and RLO5 are compara-
modeled accumulation, as the ICESat and FDM results agreble, particularly for the 35-station set. It is interesting to note
well in this region and the positive mass anomaly in the areahat the RL0O4 solutions have a larger systematic bias correc-
is consistently observed in the GRACE solutions (Fiy.  tion than the RLO5 solutions, which is likely due to the differ-
in particular in the regularized solutions, which tend to haveence in reference frames used in the GPS and RL04 GRACE
higher spatial resolution. Also, the uncertainty analysis doeslata processing. In nearly all cases, the 29-station results are
not suggest any unusual circumstances in the area. Unfortdewer than those of the 35-station set. When comparing the
nately, the comparisons with the GPS rates are inconclusivegempirical results to the model results, either with or without
since the few stations in the area are located on the perimetdhe systematic bias removed, the empirical rates show consis-
of the region in question. As such, the presence of genuingently lower values, with the W12a model having the closest
GIA uplift in the region will require more investigation be- similarity in terms of WRMS.
fore this can be confirmed. Regarding the ice mass change estimates, the values for

As the methodology and comparisons described earlieall cases were relatively consistent. This is primarily a con-
make use of a number of different biases, it is useful to reviewsequence of the fact that the surface height change informa-
these again for clarification. The first of the biases computedion was fixed to that determined by the altimetry and FDM
was for the ICESat data, to correct for known systematic ratedata sets. In the combination, this essentially determines the
offsets in the height measurements, and it was computed overariability of the firn and ice layers, forcing any variation in
the LPZ under the assumption that very little surface heightmass change seen by GRACE to go into the GIA estimates.
change takes place there. Later, the LPZ is used again asBhe average empirically derived ice mass change rate of
calibration zone to estimate an offset observed in the em—100+ 44 Gtyr ! (EA: 5+ 38, WA: —105+ 22) from this
pirical GIA rates estimated from the combination approach.study falls within the 1s range of predictions over the en-
The presence of this offset is likely due to factors inherent intire AlS from the recent IMBIE studyShepherd et 312012
the data sets used, e.g., geocenter motiem, @tc., which  for a similar time frame-{£57+ 50, October 2003—-December
can each introduce mm-level errors. The mean GIA uplift2008, using W12a and 1J05_R2;137+ 49 Gtyr ! using
rate (emphasis on “mean”) over the LPZ was assumed to béCE-5G), as well as recent studies Byasgen et al(2013
much smaller than these errors, so an empirical LPZ GIA(—114+ 23, 2003-2012),Jacob et al(2012 (—165+ 36, 1-
bias was computed over this region for every empirical GIA o, using ICE-5G), anding et al.(2012 (—68.7+ 17.5, us-
solution and subtracted. Therefore, any reference to the ening W12a). In EA, the empirical results were closesS#s-
pirical GIA solutions, including those in the tables and fig- gen et al.(2013 (264 13), and were still within 1z of
ures, imply that this LPZ GIA bias has already been removed Shepherd et a(2012) (354 40), but showed differences with
A LPZ GIA bias was not computed or removed from any of King et al. (2012 (60.2+ 12.8). Similarly, for WA, the em-
the modeled GIA data sets, as the reasoning behind the bigsrical GIA results were still within the & range ofShep-
calculation was only relevant to the empirically derived GIA herd et al(2012 (—68+ 23), but were more similar to those
uplift estimates; however, a separate offset correction was apfrom King et al. (2012 (—117.7+9.2) andSasgen et al.
plied for the GPS comparisons. This was because a systenf2013 (—116+ 15).
atic offset was observed between the modeled/empirical GIA
rates and those observed from the GPS stations, which was
presumably due to differences in processing, e.g., referenceé Conclusions
frames and other effects. For this systematic offset, all GPS
stations were used, and a unigue bias was computed for eacrhis study revisited the approach developedRiya et al.
comparison made, with the intention of making the WRMS (2009 for estimating present-day GIA and ice mass change
comparisons as equivalent as possible. For the empirical GIAising a combination of satellite altimetry and gravimetry.
rates this systematic bias was applied in addition to the LPZAn updated and extended ICESat surface height change map
GIA bias, while for the modeled GIA data sets only the sys-was combined with a range of different GRACE solutions,
tematic bias was used. along with an advanced regional atmospheric climate model

Looking at the WRMS values in Tabl& most solutions and associated FDM. New ICESat surface trends were com-
compare well with each other, with differences only at the puted, for the first time over Antarctica, using an overlap-
0.1-0.2mmyr?! level. Again, these were computed using ping footprint approach, complete with a custom set of cam-
only the LPZ GIA bias calibration while taking into consid- paign biases. The FDM and SMB estimates derived from
eration the uncertainty of both the GIA and GPS stations.RACMO2 addressed a key limitation in the earlier study
When examining Tabld, which only considers GPS station and enabled the combination approach to treat variations
uncertainties and removes an additional systematic bias ternin surface height and density due to firn compaction and
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other surface processes. Another key element of the analysy the Division for Earth and Life Sciences (ALW) with financial
sis was the calibration of the results to a low-precipitationaid from the New Netherlands Polar Programme (NNPP) of the
zone in East Antarctica, which helped reduce the impact ofNetherlands Organization for Scientific Research (NWO). M.
the mm-level (unknown) biases inherent to the satellite in-A- King i; a re(;ipient of an Australian Research Council Future
put data sets. Lastly, knowledge of the uncertainties for the€/lowship (project number FT110100207). The ICESat data was
various input data sources provided the opportunity to generProvided by the National Snow and Ice Data Center (NSIDC),

ate realistic error assessments of both the GIA and ice ma and the unconstrained GRACE solutions were obtained from
St§1e Physical Oceanography Distributed Active Archive Center

change estimates through formal error propagation r‘nemOd":(PO.DAAC) at the NASA Jet Propulsion Laboratory, Pasadena, CA.
The total empirical GIA mass change estimates for the AIS

ranged from 53 to 103 Gtyt (EA: 33-60 Gtyr?; WA: 18— Edited by: E. Larour

48 Gtyr 1), depending on the GRACE solution used, with an

estimated uncertainty af40 Gtyr 1 (EA: +34; WA: £21).
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