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Abstract. Determining recent Antarctic ice volume changes
from satellite altimeter measurements of ice surface height
requires a correction for contemporaneous vertical crustal
deformation. This correction must consider two main sources
of crustal deformation: (1) ongoing glacial isostatic adjust-
ment (GIA), that is, the deformational, gravitational, and ro-
tational response to Late Pleistocene and Holocene ice and
ocean mass changes and (2) modern ice mass change. In this
study, we seek to quantify the uncertainties associated with
each of these corrections. Corrections of ice surface height
changes for correction 1 have generally involved the adoption
of global models of GIA defined by some preferred combi-
nation of ice history and mantle viscoelastic structure. We
have computed the GIA correction generated from a coupled
ice sheet–sea level model and a realistic Earth model incor-
porating three-dimensional viscoelastic structure. Integrating
the difference between this correction and those from recent
GIA analyses widely adopted in the literature yields an un-
certainty in total present-day ice volume change equivalent
to approximately 10 % of Antarctic ice mass loss inferred for
the period 2010–2020. This reinforces earlier work indicat-
ing that ice histories characterized by relatively high excess
ice volume at the Last Glacial Maximum may be introduc-
ing a significant error in estimates of modern melt rates. Re-
garding correction 2, a spatially invariant scaling has com-
monly been used to convert GIA-corrected ice surface height
changes obtained from satellite altimetry to ice volume es-
timates. We adopt modeling results based on a projection
of Antarctic ice mass change over the period 2015–2055 to
demonstrate a spatial variability in the scaling of up to 10 %

across the ice sheet. Furthermore, using these calculations,
we find a systematic error of ∼ 3 % in the projected net ice
volume change, with most of the difference arising in areas
of West Antarctica above mantle zones of low viscosity.

1 Introduction

Modern satellite measurements of ice volume are critical
to estimates of global sea level change. Geodetic systems,
such as the Geoscience Laser Altimetry System aboard the
Ice, Cloud, and Land Elevation Satellite (ICESat), measure
changes in the height of the ice surface over time. To convert
these measurements of surface elevation change (henceforth
referred to as ice surface height change) into estimates of
ice mass change, several corrections must be applied. A “firn
correction” is necessary, which is based on information re-
garding the density and thickness of ice–firn layers. Correc-
tions are also required for crustal elevation changes due to
both glacial isostatic adjustment (GIA) and the viscoelastic
response of the solid Earth to modern-day melt (Groh et al.,
2012).

GIA represents the ongoing deformational, gravitational,
and rotational response of the Earth to mass transfer between
the cryosphere and the open ocean across the Pleistocene
glacial cycles and into the Holocene (Mitrovica and Milne,
2002). Model-based corrections of altimeter data for GIA
require constraints on ice history and mantle viscoelastic
structure. Uncertainties in either of these will propagate for-
ward and result in uncertainties in estimates of ice thickness
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change. Ice histories are commonly inferred by fitting GIA
models to sea level datasets in both the near field and far field
of ice sheets (Lambeck et al., 2014; Peltier et al., 2015). Ice
sheet modeling, either in combination with GIA modeling or
as a standalone approach, can also be used to constrain ice
history (Whitehouse et al., 2012; Gomez et al., 2013, 2018).
Mantle viscosity fields have been implemented in GIA mod-
eling at various levels of complexity, from one-dimensional
models with as few as three layers to full three-dimensional
variability. One-dimensional models assume that the viscos-
ity of the mantle depends only on depth (Lambeck et al.,
2014; Peltier et al., 2015), while their more computation-
ally expensive three-dimensional counterparts include lateral
variation in the mantle viscosity (Li et al., 2020). This com-
plexity is advisable when modeling GIA in the Antarctic
region due to large variations in lithospheric thickness and
viscosity beneath the continent. Notably, the mantle beneath
parts of West Antarctica is several orders of magnitude less
viscous than under East Antarctica (Powell et al., 2020) and
lithospheric thickness increases by as much as a factor of∼ 4
from West to East Antarctica.

Correcting altimeter data for crustal deformation – i.e.,
mapping altimeter observations of ice surface height changes
into ice thickness changes – due to modern-day melting is
generally based on elastic one-dimensional Earth models.
In this case, the elastic Love number theory (Farrell, 1972)
has been applied to approximate the ratio of ice thickness
to ice surface height changes. In previous work, this ratio,
which we denote by α, was fixed at a value of α = 1.0205
by considering the average spatial scale of various Antarctic
drainage basins (Groh et al., 2012). That is, the field of firn-
and GIA-corrected ice surface height change was multiplied
by this constant to estimate ice thickness change. Subsequent
studies of Antarctic ice elevation measurements have applied
the scale factor used in the Groh et al. (2012) paper as a cor-
rection in the conversion of ice surface height changes to ice
mass changes. For instance, in Schröder et al. (2019), a study
using 4 decades of altimetry data from multiple satellite mis-
sions, surface elevation changes are multiplied by a value
of α = 1.0205 to account for elastic solid Earth rebound ef-
fects. The use of this ratio is not restricted to Antarctica; in
Kappelsberger et al. (2021), the same α = 1.0205 is applied
to surface elevation changes in northeast Greenland. How-
ever, the full expression for the mapping derived from the
Love number theory indicates the ratio is dependent on spa-
tial scale and will thus be geographically variable. Further-
more, the adoption of a constant scaling neglects both crustal
deformation due to ocean loading and viscous effects (see
Sect. 2 for full details). Given the low mantle viscosity be-
low parts of Antarctica, viscous effects may impact the re-
lationship between ice surface height and thickness changes
over timescales of a few decades, and thus the use of purely
elastic models may introduce an error even over such short
timescales (Powell et al., 2020).

In this article, we seek to quantify the level of uncertainty
in ice volume estimates derived from altimetry data intro-
duced by uncertainties in the treatment of GIA and crustal
deformation due to modern melting. The next section sum-
marizes the Love-number-based mapping between ice sur-
face height and ice thickness changes. The Results section
has two parts. First, we use published models to quantify the
range of GIA corrections for ongoing crustal uplift in Antarc-
tica. Next, we generate a crustal uplift field from a published
projection of Antarctic ice evolution in the 21st century and
use this field as a synthetic dataset to explore the geograph-
ically variable mapping between ice surface height and ice
thickness changes in response to modern ice mass change.

2 Elastic loading theory

We begin with the spherical harmonic formulation of the
sea level equation on a one-dimensional elastic Earth. The
global sea level change at colatitude θ and east longitude φ,
1SL(θ,φ), is given by Kendall et al. (2005) as

1SL(θ,φ)=
4πa3

Me

∞∑
`=0

∑̀
m=−`

[
ρi1I`m+ ρw1S`m

]
T`E`Y`m(θ,φ), (1)

where a and Me are the radius and mass of the Earth and ρi
and ρw are the densities of ice and water. 1I and 1S are the
spherical harmonic coefficients of degree ` and order m of
ice thickness change and ocean height change, respectively.
These are associated with the basis function Y`m, which is
normalized in our calculations so that∫∫
�

Y`m(θ,φ)Y
∗

`′m′(θ,φ)dθdφ = 4πδ``′δmm′ , (2)

where the asterisk denotes complex conjugation. Further-
more, the following applies:

T` =
1

2`+ 1
and E` = 1+ k`−h` (3)

In the latter equation, k` and h` are elastic Love numbers that
govern perturbations in the gravitational potential and crustal
elevation, respectively. The unity term in the definition of E`
represents the direct gravitational potential perturbation due
to load redistribution. The global sea level change is given by
the difference in perturbations to the sea surface and crustal
elevations. The latter can be isolated from Eq. (1) to obtain

1R(θ,φ)=
4πa3

Me

∞∑
`=0

∑̀
m=−`

[ρi1I`m+ ρw1S`m]T`h`Y`m(θ,φ). (4)

One can write an expression for the spherical harmonic co-
efficients of ice surface height change as a simple sum of the
coefficients of 1R and 1I :

1H`m =1R`m+1I`m, (5)
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which allows us to express the change in ice thickness1I as

1I`m =1H`m−1R`m. (6)

Using Eq. (4), we can write

1I`m =1H`m−
4πa3

Me
[ρi1I`m+ ρw1S`m]T`h`. (7)

Solving for the change in ice thickness gives the following
final expression:

1I`m =

(
1+

4πa3ρih`T`

Me

)−1 [
1H`m−

4πa3T`

Me
ρw1S`m

]
. (8)

This expression relates ice thickness changes to ice surface
height (or surface elevation) changes (1H ) and ocean thick-
ness changes (1S) and makes two assumptions. First, that
viscous effects can be ignored and, second, that elastic Earth
structure varies with depth alone. The latter introduces neg-
ligible error (Mitrovica et al., 2011). In applying this expres-
sion to regions proximal to ice cover, it is common to neglect
ocean load changes since they are relatively small. Neglect-
ing this term gives

1I`m =

(
1+

4πa3ρih`T`

Me

)−1

1H`m ≡ α`1H`m. (9)

Thus, we have the following:

α` =

(
1+

4πa3ρih`T`

Me

)−1

. (10)

The same expression was derived by Groh et al. (2012) al-
though their derivation was based on considering the gravita-
tional effects of ice mass changes and crustal uplift, follow-
ing results in Wahr et al. (1998). The expression indicates
that the mapping between ice surface height and ice thick-
ness changes is dependent on spatial scale (via the spherical
harmonic degree `), as shown in Fig. 1.

As noted, Eqs. (9) and (10) assume that the response of
the solid Earth to modern ice loss in the Antarctic region
can be represented by an elastic Earth model. The inaccu-
racy this introduces will be a function of the timescale of ice
loading that is considered and the viscosity of the underlying
mantle. In the Results section, we investigate this issue by
considering both elastic and viscoelastic Earth models. Our
predictions also include the impact of water height changes,
1S`m, on the mapping. Although Groh et al. (2012) derived
Eq. (10), they assumed that the second term in brackets in
these equations could be replaced a simple constant (0.0205)
that they computed by considering the value that this second
term would take on if one used a spatial scale consistent with
the mean scale of Antarctic drainage basins. Their assump-
tion, in this case that α = 1.0205 (red line in Fig. 1), removes
the dependence of α on spatial scale.

Figure 1. The value of the parameter α` as a function of the spheri-
cal harmonic degree `, as defined in Eq. (10). The red line indicates
the value of α` adopted in Groh et al. (2012).

3 Methods

In all the calculations presented below, we adopt a specified
ice-load history and compute gravitationally self-consistent
sea level variations using a Maxwell viscoelastic Earth
model. The sea level theory accounts for migration of shore-
lines and the feedback of Earth’s rotation changes into the
sea level (Kendall et al., 2005). The solutions are based on
a finite-volume formulation of the surface loading problem
which allows for arbitrary, three-dimensional variations in
mantle viscoelastic structure (Latychev et al., 2005). The
GIA and modern ice mass change calculations are distin-
guished by the input ice histories, each of which we discuss
in turn.

3.1 Glacial isostatic adjustment

The GIA simulations adopt three different ice histories: the
global ICE-6G_C model of Peltier et al. (2015), an up-
dated version (Erik Ivins, personal communication, 2023)
of the Antarctic model of Ivins and James (2005) (referred
to as IJ05), and an ice history derived by coupling a three-
dimensional Antarctic Ice Sheet (AIS) model with a GIA-
based sea level model (hereafter the G18 model) (Gomez
et al., 2018). The G18 model is combined with the non-
Antarctic components of the global ICE-5G model (Peltier,
2004), while the non-Antarctic components of the ICE-6G_C
model are used to create a global model with the IJ05 Antarc-
tic history. Each of these ice histories is coupled with a vis-
coelastic Earth model. The ICE-6G_C model is paired with
the one-dimensional, three-layer VM5a model, in which the
viscosity varies from 5× 1020 Pas in the upper mantle to
3× 1021 Pas in the deep mantle (Peltier et al., 2015). The
VM5a model has an elastic lithospheric thickness of 90 km.
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The three-layer IJ05 model includes a lithospheric thickness
of 90 km and mantle viscosities of 4× 1020 Pas for the up-
per mantle, 6× 1021 Pas for the lower mantle between 670
and 1200 km depth, and 8× 1022 Pas for the lower man-
tle between 1200 km depth and the core–mantle boundary
(Ivins and James, 2005). The G18 model adopts a three-
dimensional Earth model derived by Hay et al. (2017) on the
basis of seismic tomographic results (An et al., 2015; Heeszel
et al., 2016). This Earth model (H17) has a spatial resolu-
tion of 6 km near the surface to 25 km above the core–mantle
boundary. The model has a mean lithospheric thickness of
65 km in West Antarctica and 200 km in East Antarctica (Hay
et al., 2017). The viscosity beneath West Antarctica reaches
values as low as 1018 Pas (see Fig. 2), consistent with the
tectonic rift setting of the region (Wörner, 1999). The elastic
structure for all three models is given by the seismic model
Preliminary reference Earth model (PREM; Dziewonski and
Anderson, 1981). Note that while we computed present-day
uplift rates from the IJ05 and G18 models, we obtained these
rates for ICE-6G_C directly from the website of the model’s
creator.

3.2 Modern mass change

Our calculations of the Earth’s response to modern mass
change adopt, on input, the fETISH32 (EXP A1) projec-
tions to 2055 CE of the Antarctic Ice Sheet (Pattyn, 2017).
The projection is one of ∼ 180 such projections included in
the Ice Sheet Model Intercomparison Project for CMIP6 (IS-
MIP6) and is characterized by a net global mean sea level rise
of 14.7 cm from 2015 to 2055 (the highest GMSL – global
mean sea level – rise in any projection in ISMIP6). We pair
this ice projection with three Earth models: a purely elastic
Earth model based on PREM and two three-dimensional vis-
coelastic models, one derived by Austermann et al. (2021)
based on results from Richards et al. (2020) (henceforth the
RH20 model) and the model adopted in the G18 simula-
tion mentioned above (Hay et al., 2017). The Richards et al.
(2020) model is constrained by seismic tomography (Schaef-
fer and Lebedev, 2014), laboratory measurements of mantle
materials, and seismic attenuation measurements. It is char-
acterized by a shallow mantle viscosity of ∼ 1019 Pa s below
West Antarctica (see Fig. 2).

4 Results

4.1 GIA correction to altimeter records

Figure 3 shows present-day rates of crustal uplift due to GIA
for each ice model paired with its own Earth model: G18,
ICE-6G_C, and IJ05. The relative magnitude of the signals
is roughly consistent with the excess Antarctic ice volume at
LGM, as prescribed in each published model: 6, 10, and 14 m
in units of equivalent GMSL for the G18, IJ05, and ICE-
6G_C simulations, respectively (Gomez et al., 2018; Ivins

Figure 2. Mean viscosities from the base of the lithosphere to
400 km depth under Antarctica in the two three-dimensional vis-
coelastic Earth models: (a) from Richards et al. (2020) and (b) from
Hay et al. (2017). Both models are adopted in the calculation of the
Earth’s response to modern mass flux, while the latter is also con-
sidered in the GIA calculations presented herein.

and James, 2005; Peltier et al., 2015). Some of the differ-
ences may arise from differing levels of ice mass change in
the late Holocene across models; however, these variations
should be small. In the G18 model, the largest rates of up-
lift are in Oates Land in East Antarctica, where uplift ex-
ceeds 10 mmyr−1 in a small area), and south of the Ronne
Ice Shelf (peak rates of∼ 6 mmyr−1). The ICE-6G_C model
predicts uplift south of the Ronne Ice Shelf and in Marie
Byrd Land, with rates peaking at about 13 mmyr−1. The IJ05
model locates its highest uplift rates west of the Ronne Ice
Shelf and in Marie Byrd Land, where the rates do not exceed
7 mmyr−1.

The difference maps in Fig. 4 indicate that the GIA correc-
tion and therefore the modern ice thickness changes inferred
from the residual (GIA-corrected) uplift signal are subject
to significant uncertainty. We assume that the G18 model,
derived from a GIA calculation based on a more realistic,
three-dimensional Earth model and consistent with ice sheet
physics, provides the most accurate prediction of uplift rates.
The differences in uplift rates in Fig. 4 then represent a rea-
sonable proxy for this uncertainty (though we are not using
this term in a rigorous statistical sense) given that the ratio of
uplift rate to ice thickness change is close to 1 for the case
of modern ice mass change (see below). These differences,
when integrated over all present-day Antarctic grounded ice,
yield a total ice volume change uncertainty equivalent to
0.028 mmyr−1 global mean sea level change for the IJ05 case
and 0.046 mmyr−1 for the ICE-6G_C case. Moreover, these
uncertainties would total 1.12 and 1.84 mm over the period
2015–2055.

To end this section, we augment the GIA calculation to
consider the ongoing impact of Antarctic ice mass changes
over the past century. We constructed the ice model by first
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Figure 3. Present-day crustal deformation rates due to GIA computed for three different ice history/Earth model combinations: (a) the IJ05
model from Ivins and James (2005), (b) the ICE-6G_C model from Peltier et al. (2015), and (c) the G18 model from Gomez et al. (2018).
Areas mentioned in the text are labeled in panel (a) as follows: RIS stands for Ronne Ice Shelf, MBL for Marie Byrd Land, and OL for Oates
Land.

Figure 4. Differences in predicted crustal deformation rates be-
tween the G18 model and the IJ05 (a) and ICE-6G_C (b) models.

adopting the ice history from 2003–2015 of Schröder et al.
(2019). This loading history has a 10 km spatial resolution
and a melt geometry largely focused on the Amundsen Sea
Embayment region. To extend the loading history back into
the 20th century, we follow the method described in Bar-
letta et al. (2018). We computed the average ice thickness
change per year of the Schröder et al. (2019) ice model,
scaled it by 25 %, and applied it across the period 1900–2003.
This history yields a total GMSL rise of 10.8 mm. The mean
crustal displacement rate over the period 2015–2055 com-
puted using the three-dimensional viscoelastic Earth model
is shown in Fig. 5. The integral of this field over the Antarc-
tic maps into a correction to any altimeter-derived estimate of
ice volume change from 2015–2055 equivalent to 0.32 mm
(0.008 mmyr−1) of the global mean sea level.

Figure 5. The average crustal deformation rate for 2015–2055 due
to a melt model from 1900–2015 constructed based on Schröder
et al. (2019).

4.2 Mapping altimeter measurements of ice surface
height changes to thickness changes

As shown in the theory section (Sect. 2), the mapping be-
tween ice surface height and ice thickness changes, α`, must
be dependent on spatial scale but is commonly approximated
as a single scale factor (Groh et al., 2012). To explore the
inaccuracy introduced by this assumption, we computed the
response of a set of Earth models to the fETISH32 (EXP
A1) projection of ice thickness change over the 40 years be-
tween 2015 and 2055 (Fig. 6). The computed ratio between
ice thickness and ice surface height changes in the case of an
elastic Earth model and two three-dimensional viscoelastic
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Figure 6. Ice thickness change (meters) 2015–2055 CE from
fETISH32 (EXP A1).

models – RH20 (Richards et al., 2020) and the Earth model
adopted in the G18 simulation described above (Fig. 2) –
is shown in Fig. 7. A cutoff of 10 m of ice surface height
change is introduced to focus on the areas of sizable ice
mass change. We justify this cutoff by noting that the regions
with at least 10 m of ice surface height change are the source
of 90 % of the total Antarctic contribution to GMSL rise in
the fETISH32 (EXP A1) projection. Since the results in this
study are expressed in terms of differences in GMSL rise pre-
dictions, it is appropriate to focus on the value of α in regions
with sizable contributions to that rise.

The value of α varies between 0.98 and 1.07 in areas of
the Antarctic with at least 10 m of ice surface height change.
The largest variations in this scaling factor from the value
of α = 1.0205 occur in regions of high mass change, such
as Pine Island and Thwaites glaciers. In these two areas, the
value of α increases as one moves inland from the coast.

The introduction of viscous deformation has negligible
impact over East Antarctica and parts of West Antarctica
that are characterized by relatively high viscosity (Fig. 2).
The largest impact of viscous effects is once again in the
areas of greatest mass flux, near Pine Island and Thwaites
glaciers, which overlay regions of relatively low mantle vis-
cosity and where the ratio α` grows more quickly relative
to the elastic case as one moves inland. This trend becomes
more pronounced as the shallow viscosity of the underlying
Earth model decreases, as it does in these areas as one moves
from considering the RH20 model results to the G18 model
results.

Using these projections, we can estimate the error in es-
timates of total ice volume changes that is incurred by as-
suming the constant value of α = 1.0205. In the case of the
projection based on the RH20 viscoelastic model, applying
this assumption would underestimate the ice volume loss in

the next 40 years by 50, 700, and 400 km3 in the Antarc-
tic Peninsula, West Antarctica, and East Antarctica, respec-
tively. The analogous values are 30, 1200, and 400 km3 for
the G18 model. Summing each triplet yields an underesti-
mate of 3.2 and 4.5 mm in units of equivalent GMSL change,
respectively, for the RH20 and G18 model projections.

To explore the time history of the spatial variation in α,
Fig. 8 shows the variation of this ratio, as well as total ice
thickness change, in 10-year intervals along a profile through
the Amundsen Sea sector of the Antarctic Ice Sheet com-
puted using the H17 viscoelastic Earth model. (The chop-
piness of the profiles reflects the ∼ 20 km spatial grid of
fETISH32 EXP A1 ice history). A trend in the profiles is ap-
parent in the first 30 years, but this trend reverses by the end
of the simulation. The value of α comes closest to 1.0205 in
the vicinity of the largest ice thickness change but system-
atically diverges from this number moving away from this
location in areas of significant ice mass change.

5 Discussion

Shepherd et al. (2012) noted that significant uncertainty in
the GIA correction to Antarctic ice mass change estimates is
introduced by uncertainty in the excess volume of Antarctic
glaciation at LGM. Their analysis adopted the ice history of
Whitehouse et al. (2012), which had an excess ice volume
significantly smaller than some previous estimates (8 m in
units of equivalent GMSL rise). This ice history was paired
with a viscosity profile with a preferred range of upper man-
tle viscosity of 0.8× 1021–2.0× 1021 Pas. The present anal-
ysis has reconsidered this issue using an ice history gener-
ated from a coupled ice sheet–sea level model and a signif-
icantly more realistic viscoelastic mantle model for the re-
gion (i.e., the G18 simulation). The latter is characterized
by significant variability in viscosity, including low-viscosity
zones beneath some sections of the West Antarctic. We find
that the differences in the GIA correction between the G18
model and Earth model–ice history pairs inferred in a re-
cent GIA analysis, when integrated over the Antarctic, map
into an uncertainty in total present-day ice volume change
of 0.046 mmyr−1 GMSL equivalent for the ICE-6G_C case
and 0.028 mmyr−1 for the IJ05 case. These uncertainties are
12 % and 7 %, respectively, of the estimated AIS mass loss
over the decade 2010–2020 (Velicogna et al., 2020). More-
over, these differences would represent uncertainties of 1.12
and 1.84 mm GMSL equivalent in altimeter-based estimates
of Antarctic ice volume changes from 2015–2055. Neglect-
ing the impact of ice mass change from 1900–2015 would in-
troduce an additional uncertainty of ∼ 0.3 mm GMSL equiv-
alent to altimeter-based estimates of the mass balance from
2015–2055. The significance of these projected uncertain-
ties, which sum to ∼ 2 mm, will, of course, depend on the
realized mass flux over this 40-year period.
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Figure 7. The ratio of ice thickness to ice surface height changes (α) from 2015 to 2055 in regions with an ice thickness change greater than
10 m. In panel (a) is a map computed by assuming a fully elastic Earth model. In panels (b) and (c) are the corresponding maps based on the
Richards et al. (2020) (RH20) and the Hay et al. (2017) (G18) viscoelastic models, respectively. The gray lines indicate the zero-elevation
crustal contour.

Figure 8. The temporal evolution of α in 10-year increments along a profile through the Thwaites Glacier, indicated by the green line in the
inset. The distance along the profile is measured from the northern end of the cross section.
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Previous studies have scaled GIA-corrected altimeter mea-
surements of ice surface height changes into thickness
changes using single scaling close to 1.02 (Groh et al., 2012;
Schröder et al., 2019; Kappelsberger et al., 2021). The true
scaling will depend on both the spatial scale of the loading
and also on the rheological properties of the underlying crust
and mantle. We have found, using calculations based on a
projection of Antarctic mass flux over the next 40 years, that
this scaling can vary by ∼ 10 %, i.e., from 0.98 to 1.07, as
one moves inland from the coast. There are two reasons for
this geographic trend in the error. First, the crustal response
at a given site is proportional to the distance-weighted inte-
gral of the total load change near that site. Since the change
in the ocean load is small close to the coastline relative to
the local ice mass change, the integrated load change a site
will experience will tend to increase moving inland (i.e., in
contrast to a coastal site, an inland site has ice mass change
on all sides). Second, the spatial scale of ice streams varies
with location: the catchment basin tends to narrow as one
moves toward the coastline. As indicated in Fig. 1, the value
of α will be smaller when the characteristic scale of the mass
change (here, the scale of the catchment basin) decreases.

The error incurred in estimates of ice volume changes
based on this constant scaling, when considering the fETISH
32 (EXP A1) projection of modern Antarctic melt from
2015–2055, is ∼ 3 % (4 mm GMSL equivalent relative to the
total flux of 14.7 cm GMSL). To reduce this systematic error,
we advocate performing a spherical harmonic decomposition
of the altimeter-derived ice surface height and scaling the
harmonics using the α` filter (Fig. 7) to estimate ice thick-
ness changes. While this approach ignores both viscous ef-
fects and ocean loading on the isostatic adjustment, we have
found that it reduces errors in the estimate of ice thickness
changes relative to assuming that α = 1.0205. As an exam-
ple, Fig. 9 shows a map of the error in the estimated ice
thickness change over the next 40 years in the vicinity of the
Amundsen Sea when ice surface height changes computed
using the H17 viscoelastic Earth model are scaled using the
α` filter. The peak error of 6.2 m is less than 1 % of the peak
ice thickness change of ∼ 830 m. Moreover, the RMS error
in the α` case is a factor of 2.3 times smaller than the error in-
curred in adopting the assumption of a constant α = 1.0205.

6 Conclusions

We have investigated potential errors in estimates of ice
thickness change inferred from satellite altimetry measure-
ments arising from (1) errors in the correction for GIA and
(2) the mapping of GIA-corrected ice surface height changes
to ice thickness changes associated with modern melt us-
ing a single (i.e., geographically invariant) scalar. The in-
tegrated difference in the present-day uplift across different
GIA models amounts to 1–2 mm GMSL equivalent over the
next 40 years, while neglecting the impact of ice mass change

Figure 9. The difference between the ice thickness changes pre-
dicted by scaling the ice height changes with an `-dependent
method and those predicted by a full three-dimensional viscoelastic
model.

since 1900 introduces an additional uncertainty of 0.3 mm
GMSL equivalent. The use of a spatially invariant scalar to
map ice height changes to ice thickness changes results in
a systematic underestimate of ice mass change when com-
pared to values obtained when using realistic Earth models
to calculate spatially varying scaling parameters (approxi-
mately 3 % over the next 40 years). To reduce this error with-
out excessively increasing computational cost, we propose
decomposing the observed ice height change into spherical
harmonics and then scaling using a degree-dependent ratio.
The error when using this approach in the Amundsen Sea
Embayment is 2.3 times smaller than the error from a con-
stant scaling of ice height change to ice thickness change. As
altimeter measurements of ice sheet elevation changes con-
tinue and are used to estimate ice thickness changes, efforts
should be made to rigorously estimate uncertainties in the
correction for the GIA signal and to implement a more accu-
rate mapping between GIA-corrected elevation changes and
thickness changes due to crustal deformation resulting from
modern-day melt.
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