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SUMMARY

We present a glacial isostatic adjustment (GIA) model for Antarctica. This is driven by a
new deglaciation history that has been developed using a numerical ice-sheet model, and is
constrained to fit observations of past ice extent. We test the sensitivity of the GIA model to
uncertainties in the deglaciation history, and seek earth model parameters that minimize the
misfit of model predictions to relative sea-level observations from Antarctica. We find that
the relative sea-level predictions are fairly insensitive to changes in lithospheric thickness and
lower mantle viscosity, but show high sensitivity to changes in upper mantle viscosity and
constrain this value (95 per cent confidence) to lie in the range 0.8-2.0 x 10! Pas. Significant
misfits at several sites may be due to errors in the deglaciation history, or unmodelled effects of
lateral variations in Earth structure. When we compare our GIA model predictions with elastic-
corrected GPS uplift rates we find that the predicted rates are biased high (weighted mean
bias = 1.8 mm yr ') and there is a weighted root-mean-square (WRMS) error of 2.9 mm yr '
In particular, our model systematically over-predicts uplift rates in the Antarctica Peninsula,
and we attempt to address this by adjusting the Late Holocene loading history in this region,
within the bounds of uncertainty of the deglaciation model. Using this adjusted model the
weighted mean bias improves from 1.8 to 1.2mm yr~ ', and the WRMS error is reduced to
2.3mm yr !, compared with 4.9 mm yr~! for ICE-5G v1.2 and 5.0 mm yr~! for 1J0S. Finally,
we place spatially variable error bars on our GIA uplift rate predictions, taking into account
uncertainties in both the deglaciation history and modelled Earth viscosity structure. This
work provides a new GIA correction for the GRACE data in Antarctica, thus permitting more
accurate constraints to be placed on current ice-mass change.

Key words: Satellite geodesy; Sea level change; Transient deformation; Rheology: mantle;
Antarctica.

to the sea-level equation (Farrell & Clark 1976), while the latter

I INTRODUCTION dictates the response ofthe Earth to these changes in surface loading.

Recent advances in the field of Antarctic glacial geology have gener-
ated renewed interest in reconstructing the past extent of the Antarc-
tic Ice Sheet (AIS; Whitehouse et al. 2012, and references therein).
These advances are not reflected in existing glacial isostatic ad-
justment (GIA) models and hence new models are required. GIA
models describe the ongoing viscoelastic response of the solid Earth
to past changes in surface loading by ice and water, and may be used
to answer two key scientific questions.

First, GIA model output is largely governed by two inputs; the
global ice-loading history and the rheology of the Earth. The former
uniquely describes global changes in surface loading via solutions
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Within a GIA model, these two inputs are tuned to fit available
field constraints relating to, for example, past ice extent, relative
sea-level change and present-day uplift. In other words, the use of a
GIA model permits consistent bounds to be placed on past ice-sheet
changes and the rheological properties of the solid Earth. The recent
availability of new field constraints from Antarctica has improved
our ability to constrain these key inputs.

Secondly, the ongoing solid Earth response to past ice-mass
change contaminates observations of present-day ice-mass change.
In particular, the magnitude of the GIA contribution to secu-
lar changes in the Earth’s gravitational field, as measured by the
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Gravity Recovery and Climate Experiment (GRACE) satellites, is
of the same order of magnitude as the contribution from present-day
ice-mass change. The GIA signal is therefore typically modelled,
and subtracted from the GRACE data, to reveal the magnitude and
spatial distribution of current ice-mass change (Chen et al. 2006;
Ramillien et al. 2006; Velicogna & Wahr 2006; Chen et al. 2008;
Chen et al. 2009; Velicogna 2009). GIA modelling uncertainties
presently dominate the GRACE error budget (Velicogna & Wahr
2006) and systematically bias ice mass balance estimates (Thomas
etal. 2011), and therefore it is vital that these uncertainties be tightly
constrained, and clearly documented.

Several Antarctic deglacial models have previously been pub-
lished (Ritz et al. 2001; Huybrechts 2002; Peltier 2004; Ivins &
James 2005; Pollard & DeConto 2009), but they vary widely in the
amplitude and distribution of ice mass loss since the Last Glacial
Maximum (LGM). This variance reflects the variety of methods
and data used to construct these models, and suggests that errors
in at least some of the models are large. The 1J05 (Ivins & James
2005) and ICE-5G (Peltier 2004) GIA models have been widely
used to model the gravitational signature of GIA and hence correct
GRACE data (Chen et al. 2006; Ramillien et al. 2006; Velicogna &
Wahr 2006; Chen et al. 2008; Chen et al. 2009; Velicogna 2009).
However, recent GPS studies have highlighted differences between
direct observations of surface uplift and these models (Bevis ef al.
2009; Argus et al. 2011; Thomas et al. 2011). Importantly, Thomas
et al. (2011) showed that both models over-predict uplift at their
local maxima, suggesting that there will be a systematic bias in
subsequent GRACE-derived ice mass balance estimates. Riva et al.
(2009) indirectly estimated GIA uplift from satellite altimetry and
GRACE data, and produced an uplift field which has uniformly
lower uplift rates compared with 1J05 and ICE-5G. Wu et al. (2010)
empirically adjusted the 1J05 model using global geodetic data sets,
and produced an estimate of uplift which does not appear to have
substantially improved the unmodified model (Thomas et al. 2011).
Observations of Antarctic relative sea-level (RSL) change also pro-
vide a test of GIA models (e.g. Nakada et al. 2000); such a test ap-
plied to the Huybrechts deglacial history (Huybrechts 2002) within
a GIA model revealed a poor fit at several sites, indicating that this
model also contains errors (Bassett et al. 2007).

GIA model errors have not previously been provided, adding to
the uncertainty in the GIA contribution to GRACE data. In GRACE
ice mass balance estimates this has led to the error remaining un-
quantified (Chen et al. 2006), or model differences being used to
quantify model errors (e.g. Velicogna & Wahr 2006); neither ap-
proach accurately reflects the true uncertainty, especially consider-
ing that GIA model errors, when applied to GRACE data, result in
systematic not random errors.

In this paper, we present a new GIA model for Antarctica, taking
advantage of recent developments in the knowledge of ice his-
tory based on glacial geological and glaciological observations. In
particular, we test a newly reconstructed deglaciation history for
Antarctica (Whitehouse et al. 2012), which has been developed us-
ing the Glimmer ice sheet model (Rutt ez al. 2009), and is tuned to fit
observations of past ice extent (Whitehouse ef al. 2012). The effect
of ice model uncertainty is assessed using a suite of 16 plausible
variants of the ice model. Uncertainty in the earth model parameters
is quantified using a x 2 test, and a preferred earth model is selected
by fitting to near-field RSL data before comparing to recently pub-
lished GPS uplift rates (see Fig. 1). Uncertainty in the model is
further quantified by examining a set of perturbations to the ice-
loading history. The output of this study is a new, error-bounded,
GIA model for Antarctica, which can be used with GRACE data to
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Figure 1. Location map for Antarctica. RSL sites are shown in blue, GPS
sites are shown in red, and ice extent sites (Whitehouse e al. 2012) are
shown in green. Rock outcrops are plotted in grey. Non-italicized labels
refer to RSL (blue) sites; other sites mentioned in the text are labelled in
italics.

produce more accurate estimates of present-day Antarctic ice-mass
change.

2 MODEL DESCRIPTION

2.1 Reconstruction of the Antarctic ice sheet

A new Antarctic deglacial model (Whitehouse et al. 2012; subse-
quently referred to as the W12 model) is used to drive a GIA model.
The W12 model was constructed using a numerical ice-sheet model
(Rutt et al. 2009), and tuned to fit 62 glaciological and glacial geo-
logical constraints (see Fig. 1) relating to variations in the thickness
and extent of the AIS since the LGM. The solid Earth response
to loading, and the reconfiguration of the geoid, is determined
by the change in the thickness of grounded ice at each time step.
The total ice thickness at each time step is defined to be the sum
of the present-day observed ice thickness (Le Brocq et al. 2010)
and the change in W12 model ice thickness between that time step
and the present-day (see Supporting Information). This preserves
the changes in ice thickness derived using the numerical ice-sheet
model; the metric that was used to tune the ice-sheet reconstruction
in Whitehouse et al. (2012).

The W12 model is only defined at five specific time slices (20 ka
BP, 15ka BP, 10ka BP, 5ka BP and the present-day) because there
are insufficient data to constrain a reconstruction at a higher tempo-
ral resolution (Whitehouse et al. 2012). However, a higher temporal
resolution loading history is required to drive the GIA model to
avoid large steps in loading, which may otherwise create model
artefacts. To do this, we interpolate between the glaciologically
consistent W12 time slices at 1ka intervals, increasing to 500 yr
intervals during periods of rapid deglaciation. Present-day ice-mass
change is not taken into account in any variant of the model. Both
lateral and vertical ice extent (see Supporting Information) are in-
terpolated in four different ways (see Fig. 2)

(1) linearly between the 5 ka configurations (model L);
(2) in a ‘stepped’ manner (model S) guided by higher resolution
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Figure 2. The rate of deglaciation between the W12 model configurations.
See main text and Supporting Information for details of the four models.
Time slice 1 = 20ka BP reconstruction, time slice 2 = 15ka BP recon-
struction, time slice 3 = 10ka BP reconstruction, time slice 4 = 5ka BP
reconstruction, time slice 5 = present-day reconstruction; time slice recon-
structions are detailed in (Whitehouse ef al. 2012). The vertical grey bar
highlights the period of faster retreat in the stepped model (S), between 12
and 7ka BP.

geological constraints on grounding line retreat (see Section S2.2,
Supporting Information);

(3) with deglaciation identical to model L until 5 ka BP, but the
final increment of retreat takes place linearly between 5 and 2 ka BP,
with no ice mass change during the last 2 ka of the model (model
L2);

(4) with deglaciation identical to model S except that all of the
retreat from the W12 15 ka BP configuration to the W12 10ka BP
configuration is assumed to have occurred between 14.5 and 14 ka
BP; the timing of melt water pulse 1A (Liu & Milliman 2004; model
S2).

Note that since the 5 ka-spaced grounding lines are not equidis-
tant, even the linear deglaciation model (model L) will not result in
a uniform rate of retreat throughout the last 20 ka (see Supporting
Information).

The reason for testing these four deglacial scenarios is to deter-
mine the degree to which the differences in interpolation scheme
influence predictions of RSL change, present-day uplift rates and
geoid rates in Antarctica. The results will be used to place bounds
on the uncertainty of GIA model predictions.

2.1.1 Pre-LGM ice build-up

Due to the viscoelastic properties of the mantle, surface load
changes throughout the last glacial cycle combine to define the
present-day GIA response, and the ice-loading model is therefore
extended back to 122ka BP; the middle of the Last Interglacial
(LIG). We make the assumption that the configuration of the AIS
during the LIG was the same as the present-day. While there is evi-
dence to suggest that the eustatic volume of the AIS may have been
at least 2.5 m smaller during this period (Kopp et al. 2009), sensi-
tivity tests (not shown here) indicate that this will have a negligible
impact upon predictions of present-day GIA observables.

In our ice build-up model it is assumed that the AIS grows to
50 percent of its 20ka BP extent by 100ka BP with the final
50 per cent of growth occurring linearly between 100 and 30 ka BP,
LGM conditions are then maintained for 10 ka before the initiation
of deglaciation. This model of ice volume increase has been devel-

oped to mimic previous modelling attempts which were driven by
climate forcing throughout the last glacial cycle (Ritz et al. 2001;
Huybrechts 2002; Pollard & DeConto 2009); specific time slices
were not reconstructed during ice build-up due to the absence of
field constraints during this period.

Previous studies have shown that RSL predictions in former
glaciated regions can differ by a factor of two when glacial build-
up conditions are varied between a model which assumes isostatic
equilibrium at the LGM and a model which incorporates a rapid
glaciation phase (Mitrovica & Davis 1995). To assess the sensi-
tivity of our Antarctic GIA model to pre-LGM ice-sheet changes
additional scenarios of ice-sheet build-up, in which the timing of
ice build-up and the duration of the LGM are altered, are tested
(not shown here). The end-member case of isostatic equilibrium at
the LGM is not considered since far-field sea-level data indicate
that the AIS underwent a significant increase in ice volume between
the LIG and the LGM. The experiments confirm that reasonable
perturbations to the timing of ice build-up prior to the LGM have
a negligible effect upon present-day uplift rates (<0.5mm yr '),
RSL predictions (1-2 m during the period when data are available),
and geoid rates (<0.05mm yr ') in relation to the accuracy of the
existing data sets, and therefore we are justified in using the model
described above in all experiments.

2.1.2 Far-field deglaciation model

RSL change and solid Earth deformation in Antarctica are influ-
enced by both far-field and near-field changes in surface loading
during the last glacial cycle. These GIA model outputs are cal-
culated by solving the sea-level equation (Farrell & Clark 1976),
which requires knowledge of the global history of ice loading. We
use the existing ICE-5G v1.2 global deglaciation model (Peltier
2004; hereafter just ICE-5G), but replace the Antarctic component
with the W12 ice-loading history, to create a new global ice-loading
model which delivers a eustatic contribution of ~128 m to the ocean
between 21 ka BP and the present day. This eustatic calculation in-
cludes contributions from ice grounded below the geoid (Milne
et al. 1999).

The ICE-5G model contains an Antarctic component, which is
equivalent to 17.3 m eustatic sea-level (ESL) change between the
LGM and the present (Peltier 2004). Since the Antarctic deglaciation
history of Whitehouse et al. (2012) only contains ~8 m ESL change
between 20 ka BP and the present, the composite global deglaciation
model that we have created will no longer fit the extensive RSL
database to which the ICE-5G model is tuned. This composite model
should therefore not be used to investigate far-field RSL change and
it should not be used to ‘fingerprint’ the sources of ESL changes
(Bassett et al. 2005). However, since near-field GIA is dominated
by the response to ice-mass changes, our model is suitable both
for investigating GIA in Antarctica and subtracting from GRACE
observations made over Antarctica. We choose to use the ICE-
5G model since it is the most coherent global model currently
available, and it contains a relatively small Antarctic component,
thus minimizing the issue of altering the total eustatic volume; this
issue is further discussed in Section 4.1.2.

2.2 GIA modelling

The global ice-loading history described in Section 2.1 is input to a
GIA model to solve the sea-level equation (Farrell & Clark 1976).
This equation solves for solid Earth deformation and gravitationally
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consistent perturbations to the shape of the geoid over time due to
the global redistribution of internal and surface mass throughout
the last glacial cycle. This mass redistribution is due to both ice and
ocean loading. The change in the distance between the solid surface
and the ocean surface (neglecting dynamic topography) across each
time step defines the change in RSL. The GIA model accounts
for shoreline migration, changes in loading due to the retreat of
marine-grounded ice (Mitrovica & Milne 2003; Kendall ez al. 2005),
and rotational feedback (Milne & Mitrovica 1998; Mitrovica et al.
2005). Inputs to the GIA model are ice-loading history and Earth
rheology and density structure. Outputs of the GIA model include
predictions of RSL change over time and present-day solid Earth
uplift rates.

2.2.1 Topography

At all times since the LGM large portions of the AIS have been
marine-grounded, that is, grounded below sea level. Within the
GIA model, W12 ice thicknesses and palaecotopography are used to
determine where ice is grounded, and where it is floating at each time
step. Palaeotopography T'(x, ¢) at location x and time ¢ is calculated
to be the difference between present-day topography 7'(x, 0) and
RSL change ARSL(x, t)

T(x,t) = T(x,0) — ARSL(x, t). (1)

The loading history that drives the GIA model is dependent upon
the change in the mass of ice or water at each point, across each
time step. Care is taken to record the transition from grounded to
floating ice at the margin of the ice sheet to ensure that the change
in loading between time steps is correctly defined.

ALBMAP is used to define present-day bedrock topography south
of 55°S (Le Brocq et al. 2010). The ALBMAP data set is taken from
the same data set as the present-day ice thickness distribution used
in W12 (Le Brocq et al. 2010), therefore the distribution of floating
and grounded ice at the present day will be correctly determined by
the algorithm within the GIA model. North of 55°S, the ETOPO2v2
(2006) data set is used because it is the recommended data set for
use with ICE-5G v1.2. Across Greenland, ETOPO2v2 depicts ‘ice
surface’ instead of bedrock elevation, and therefore the algorithm,
which determines whether ice is floating or grounded may fail in
marine-grounded areas. However, due to the small area of Greenland
that is currently marine-grounded, any errors incurred will have a
negligible effect upon GIA predictions in Antarctica.

2.2.2 Earth model

Earth rheology and density structure govern the solid Earth response
to surface-load changes over time. The earth model that we use is a
compressible, spherically symmetric, self-gravitating Maxwell vis-
coelastic body. The elastic and density structure are derived from
PREM (Dziewonski & Anderson 1981), the lithosphere is depicted
by a layer of very high viscosity, and the upper and lower man-
tle are defined to be uniform viscosity layers which extend to the
660 km discontinuity and the core—mantle boundary (2900 km),
respectively.

The rheological parameters of most relevance to GIA predictions
are lithospheric thickness and the viscosity of the lower and up-
per mantle; these are not yet well constrained by observations in
Antarctica. They are therefore treated as unknown within bounds,
and the combination of rheological parameters that gives the best
fit to observations of RSL change around Antarctica is sought. 297
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earth models are investigated in which the lithospheric thickness
can take the value 71 km, 96 km or 120 km, the upper mantle vis-
cosity can be any one of [0.05, 0.08, 0.1, 0.2, 0.3, 0.5, 0.8, 1.0, 2.0,
3.0, 5.0] x 10*! Pas, and the lower mantle viscosity can be any one
of [1,2, 3,5, 8, 10, 20, 30, 50] x 10*! Pas. The far-field ICE-5G
deglaciation history is tuned to fit global constraints when used in
conjunction with the VM2 viscosity model (Peltier 2004). We ac-
cept that our composite ice-loading history will not necessarily fit
these global constraints due to the use of a range of radially-varying
earth models in an attempt to fit the near-field Antarctic constraints,
but note that the impact of using earth models other than VM2
in conjunction with far-field loading has a negligible impact upon
GIA in Antarctica. For the full range of earth models, uplift rates
within Antarctica due to far-field ice-loading are perturbed from

VM2 values by <0.5mm yr .

3 DATA

3.1 Relative sea-level constraints

GIA model output is compared with RSL data from 14 sites around
the Antarctic coast, and marine limit (ML) observations from six
additional sites (see Fig. 1). The data set that we use is similar to,
but updated from, that documented within Bassett ef al. (2007). Our
data set includes additional data from the South Shetland Islands
(Watcham et al. 2011; Simms ef al. 2011, and references therein),
and new data from James Ross Island (Hjort et al. 1997), Beak
Island (Roberts et al. 2011), Ablation Point (Roberts et al. 2009),
and Pine Island Bay (Johnson ef al. 2008) in West Antarctica, and
the Windmill (Goodwin 1993) and Rauer (Berg et al. 2010) islands
in East Antarctica (Fig. 1). Undated MLs from Oates Land, George
V Land, Eastern Wilkes Land, Budd Coast, Knox Coast and Beaver
Lake in East Antarctica provide additional constraints on the ice-
loading history (Adamson et al. 1997; Goodwin & Zweck 2000),
and an undated freshwater-marine transition at 54 m below sea level
further documents Holocene RSL change at Beaver Lake (Wagner
et al. 2007).

Our data set includes records of lake isolation events, raised
beach deposits, and exposure ages from an unnamed emergent is-
land. Issues relating to the dating of Antarctic material are discussed
elsewhere (Bjorck ef al. 1991) and we refer the reader to the orig-
inal references listed above for further information on the dating
techniques used at each site. The indicative meaning of each RSL
datum has been quantified, and this is used to determine the degree
of fit between the observations and the predictions output from the
GIA model. It is assumed that data from locations within a 20 km
radius may be combined to form a single RSL curve. Where the
data come from a wider area, sensitivity tests are carried out to
determine whether the data may be combined, and in the case of the
two South Shetland Islands sites and the three Prydz Bay sites (see
Fig. 1), caution has been applied and separate RSL predictions are
generated for each site.

3.2 Observations of present-day uplift rates

GIA model output is also compared with a recently compiled
Antarctic-wide GPS data set (Thomas er al. 2011). Details of
the GPS sites are listed in Table S2. We note that errors are in-
curred in making this comparison, firstly because GIA model rates
and the GPS-derived uplift rates are in different reference frames
[centre of mass of solid Earth and entire Earth system, respectively;
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Table 1. GIA Experiments. Italicized entries highlight the difference between Experiments 2, 3 and 4 and the control Experiment 1. Details of the 16 ice-sheet
reconstructions used in Experiment 3 are given in Table S1. S = stepped deglaciation model; S2 = stepped deglaciation model with rapid melt across meltwater
pulse 1A; L = linear deglaciation model; L2 = linear deglaciation model with no melt after 2 ka BP. The parameter space for the earth models is given in
Section 2.2.2 of the text. The optimum earth model is that which minimizes the misfit to the RSL data, and the optimum range contains earth models that lie
within the 95 per cent confidence limit of the RSL analysis (see text). All experiments are run using the pre-LGM ice build-up model described in Section

2.1.1.

Experiment Deglaciation model Style of deglaciation earth model Notes

1 W12 deglaciation model S All earth models Use RSL and GPS data to determine
best earth model

2 W12 deglaciation model S, 82, L L2 Optimum earth model Sensitivity of GIA predictions to the
rate/timing of deglaciation

3 16 deglaciation models® S Optimum range of earth models Sensitivity of GIA predictions to
uncertainties in ice-load history

4 ‘adjusted’ W12a S Optimum range of earth models Seek to fit GPS observations of uplift

deglaciation model

in the Antarctic Peninsula

“See Table S1.

see Klemann & Martinec (2011)], and secondly due to the effect
of present-day surface mass transport upon the motion of the cen-
tre of mass, a process which is not included in our GIA model.
The combined magnitude of these differences is estimated to be
<0.5mm yr ! (e.g. Klemann & Martinec 2011; Rietbroek et al. in
press).

Apart from sites in the northern Antarctic Peninsula, we use the
GPS uplift rates of Thomas ef al. (2011) after applying their model
of elastic rebound (mass flux version—see auxiliary material of
Thomas et al. 2011). As noted by Thomas et al. (2011), however,
this model does not satisfactorily account for the sizeable rebound
which has been taking place in the northern Antarctic Peninsula
since 2002 due to the break-up of the Larsen B ice shelf (Rignot e al.
2004). At present, the ratio of elastic to viscoelastic deformation in
response to this break-up is poorly understood (Ivins et al. 2011),
therefore, we do not attempt to model this response, and instead
follow the suggestion of Thomas et al. (2011) in using pre-2002
velocities as an upper bound on GIA-related uplift in this region.
Apart from where noted we do not tune the GIA model to fit the
GPS uplift data.

4 RESULTS

Four groups of experiments are carried out (see Table 1): using the
W12 deglaciation model, the GIA model is calibrated by seeking the
earth model that provides the best fit to the RSL data. This model is
tested by comparing uplift rate predictions to elastic-corrected GPS
data, and the sensitivity of the model to uncertainties in the earth
model and ice-loading history is quantified. Finally, an adjustment
is made to the W12 deglaciation history in the Antarctic Peninsula
to investigate an improved fit to the GPS data.

4.1 Sensitivity to earth model (Experiment 1)

4.1.1 Comparison to RSL data

The W12 deglaciation model is interpolated in time using the
stepped method (Model S, see Section 2.1), and combined with
the full suite of earth models (see Section 2.2.2) to form the in-
put for 297 runs of the GIA model. In Fig. 3 the range of RSL
predictions at each site for all 297 earth models is covered by the
grey shaded region. A narrow range of predictions, for example,
for Soya or Fildes Peninsula, indicates a weak sensitivity to the
choice of earth model, while a wider range of predictions indicates
a stronger sensitivity to the choice of earth model. The available

RSL data are also plotted in Fig. 3, and the goodness of fit for each
earth model is quantified by calculating the x? value for each site j:

mj

TAY
Z( = ) @

i=1

2 P —
o nj
n; is the number of RSL observations at site j, y” and y{ are the
predicted and observed RSL values, respectively, for data point 7,
and o; is the normalized observational error at that data point:

1 6\ o\’
o= \/i\/(tmax) + (hmax> ’ (3)

t; is the dating error for data point 7, 7, is the largest dating error,
h; is the elevation error on the RSL measurement at data point i,
and Ay, s the largest elevation error. If the RSL prediction passes
above or below a limiting, that is, minimum or maximum, data point
then a good fit is achieved and the x? statistic is assigned a value of
1 in this case. In addition, combined x? values are calculated for (i)
all sites, (ii) just West Antarctic sites, and (iii) just East Antarctic
sites (Fig. 4).

There is no single earth model, or small subset of earth models,
that simultaneously fits the data well at all sites. However, a good fit
can be achieved at each site by choosing a site-specific best-fit earth
model (Fig. 3, black lines). In Fig. 4, x? values are plotted for the
full range of earth models to explore the sensitivity of the data to the
different parameters of the Earth viscosity model. For each grouping
of sites (columns 1, 2 and 3, Fig. 4) the 95 per cent confidence limit
is plotted as a dashed line. We note that the inclusion of data from
Marguerite Bay increases the x? values, and biases the choice of
earth model, when the earth model that best fits the RSL data is
sought. The reason for this is that there is likely too much ice in
the LGM ice-sheet reconstruction in Marguerite Bay (Whitehouse
et al. 2012), and therefore extreme earth models are sought in an
attempt to fit the data. RSL data from Marguerite Bay are therefore
not included in the analysis presented in Fig. 4. We do not discuss
this site further here, but return to the implications of the misfit in
Section 5.

The x? values for the full RSL data set (Fig. 4, first column)
exhibit a weak dependence upon lithospheric thickness and lower
mantle viscosity and a strong dependence upon upper mantle viscos-
ity, with a preference for viscosity values in the range ~0.5-2.0 x
10! Pas. The best-fitting model (red star) has a lithospheric thick-
ness of 120 km, an upper mantle viscosity of 1 x 10?! Pas, and
a lower mantle viscosity of 10 x 10! Pas. We refer to this earth
model as the optimum earth model for the RSL data.
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Figure 3. RSL data and predictions at 14 sites around Antarctica. The W12 ice-loading history with the stepped time interpolation is used for all predictions.
In each plot the grey shaded region depicts the range of predictions at that site for all 297 earth models considered. Note the different vertical scale used in
each plot. The curve for the best-fitting earth model at each site is plotted as a black line, and labelled in the top right of each plot according to the following
convention: lithospheric thickness (km), upper mantle viscosity (x 10>! Pass), lower mantle viscosity (x 102! Pas). The curve calculated using the earth model
that best fits all the RSL data is shown in red, and the curve calculated using the earth model that best fits the East Antarctic data is show in blue (3k—0). The
earth model that best fits the West Antarctic data is identical to that which fits the full Antarctic data set. Where available, the observed local marine limit (ML)
is plotted as a horizontal dashed black line with the error shown in pale grey (two MLs are recorded at James Ross Island and Marguerite Bay). The RSL
data are plotted on top of the predictions according to the following convention: Upward-pointing black triangles are minimum data; downward-pointing white
triangles are maximum data. The RSL curve should pass above/below these data, respectively. Data that are found close to sea level, for example, material
within raised beaches, are plotted with an open circle. Isolation basin data that represent a transition from freshwater to marine conditions are plotted as a
grey square, and data that represent a transition from marine to freshwater are plotted as a white square. The RSL curve should pass through these data as a
rising/falling line, respectively. The locations of the RSL sites are plotted in Figs 3(h) and (p).

The relatively high x2 values within the 95 per cent confidence
limit of the first column of Fig. 4 reflect the poor fit to the RSL
data at several sites, including Beak Island, Ablation Point, Vestfold
Hills, Larsemann Hills, and S6ya, when the optimum earth model is
combined with the W12 deglaciation history within the GIA model
(Fig. 3, red lines). The reason for the poor fit may relate to errors
in the ice-loading history, the quality of the RSL data, or the fact
that lateral variations in Earth structure across Antarctica do not
permit all the data to be accurately modelled using a single earth
model. With this in mind, the data are divided and the best-fitting
earth model for the West (Figs 3a—j) and East (Figs 3k—o0) Antarctic
sites is sought separately. The two Ross Sea sites [Terra Nova Bay
(Ross A) and Southern Victoria Land (Ross B)] are situated on the
geological boundary between East and West Antarctica, but due to
their proximity to the West Antarctic Rift System, and the presence
of low seismic velocities beneath these sites (Morelli & Danesi
2004), we define them to lie within West Antarctica.

The high x? values for the West Antarctic sites (Fig. 4, middle
column) indicate that there is no single earth model that can fit
the RSL data at all these sites. This is also apparent from the wide
range of preferred site-specific earth models in Figs 3(a)—(j). The
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distribution of x? values for these sites implies a dependence upon
both upper and lower mantle viscosity values, with a preference for
arelatively high viscosity in both cases. The best-fitting earth model
for the West Antarctic sites (green star) has a lithospheric thickness
of 120 km, an upper mantle viscosity of 1 x 10! Pas, and a lower
mantle viscosity of 10 x 10?' Pas; this is the same as the optimum
earth model for the full data set.

The lowest x2 values are calculated for the East Antarctic data
(right column, Fig. 4). x2 values for these sites are strongly depen-
dent upon the upper mantle viscosity, but there is almost no depen-
dence upon lower mantle viscosity, and 2 values for all lithospheric
thicknesses are almost identical. The best-fitting earth model for the
East Antarctic sites (blue star) has a lithospheric thickness of 71 km,
an upper mantle viscosity of 1 x 10%! Pas, and a lower mantle vis-
cosity of 2 x 10?! Pass. RSL predictions for this model are plotted
in blue in Figs 3(k)—(0).

4.1.2 Comparison to marine limit data

In Antarctica a ML may be formed in one of two situations; dur-
ing an RSL highstand or immediately following the retreat of
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Figure 4. x2 log—log plots for the RSL data. The W12 ice-loading history with the stepped time interpolation is used to calculate RSL predictions at all sites,
for all earth models. In each plot x2 values are given for the same ranges of upper and lower mantle viscosity. In the first row the lithospheric thickness is
71 km, in the second it is 96 km, and in the third it is 120 km. In the first column, data at all the RSL sites except Marguerite Bay are used, in the second column
only data from sites in West Antarctica (excluding Marguerite Bay) are used (see main text), and in the third column only data from sites in East Antarctica are
used. For each group of sites (column) the 95 per cent confidence limit is plotted as a dashed line, and the best model is identified by a star.

marine grounded ice to an onshore position. The complex inter-
play of ocean, solid Earth, and ice processes required to form a ML
(Andrews 1970) means that they may be found at a range of heights
around the coast of Antarctica. Many of the MLs are undated, and
we make the assumption that those discussed here have been formed
since the LGM. By analysing the timing of ice retreat and the range
of RSL predictions at each ML site (Fig. 3) it is determined whether
there is an ice-earth model combination that supports the formation

of each ML. A ML formed as a result of ice retreat should cut the
falling limb of a RSL curve at the time of ice retreat, while a ML
formed during a highstand should just skim the top of a RSL curve
(Fig. 3).

The MLs at Byers Peninsula (Bjorck et al. 1996), James Ross
Island (Hjort et al. 1997), Marguerite Bay (Bentley e al. 2005)
and Terra Nova Bay (Ross A; Baroni & Hall 2004) are likely to
have been formed at the time of local ice retreat. Using the W12
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Figure 5. Observations and predictions relating to ML data in Antarctica. (a) RSL predictions for 14 sites in the Windmill Islands (western Budd Coast)
at which the ML is recorded. The curves are plotted in different colours to distinguish between the sites: the northernmost site is plotted in cyan, and the
southernmost site is plotted in magenta, with intermediate sites following the cyan-magenta colour scale according to latitude. The range of observed MLs is
plotted as a horizontal grey bar. The lower limit corresponds to the ML at the northernmost site (cyan dashed line), and the upper limit corresponds to the ML
at the southernmost site (magenta dashed line). The times at which the RSL predictions for the northern (cyan dashed line) and southernmost (magenta dashed
line) sites cross the relevant observed MLs are marked as vertical lines. A vertical grey box is drawn to highlight the period of deglaciation, assuming the MLs
formed as the ice retreated. (b) A circle is plotted at the location of six additional ML observations. The colour of the circle denotes whether the predicted RSL
curves for that site lie completely below the ML (blue), pass above the ML (red), or cross the height of the local ML (green). (The circles at Knox and Budd

Coasts are both green.)

deglaciation model it is possible to find an earth model that replicates
the formation of each of these MLs (Figs 3a, d, e and i). The timing
of deglaciation at Fildes Peninsula (Watcham ez al. 2011) and Beak
Island (Roberts et al. 2011) indicates that the MLs at these sites
were formed during RSL highstands. Once again, the deglaciation
model is able to reproduce the formation of these MLs for some
choice of earth model (Figs 3b and ¢).

MLs in the Windmill Islands display a north—south trend, with
higher MLs found to the south (Goodwin 1993). The observations
are undated, but an RSL curve is calculated for each site, for a
mid-range earth model, and we note that our predictions display the
same north—south trend (Fig. 5a). Making the assumption that the
MLs were formed due to the retreat of the ice sheet, the intersection
between the RSL prediction and the observed ML at each site is
used to estimate the timing of deglaciation. In close agreement
with Goodwin (1993), we estimate deglaciation to have taken place
between 8 and 7 ka BP, with the southern sites deglaciating first, in
accordance with ice retreat towards Law Dome.

Additional ML observations have been documented at six sites
in East Antarctica (Fig. 5b; Goodwin & Zweck 2000, and refer-
ences therein). At two of these sites, Oates Land and Lewis Island,
none of the earth models is able to reproduce a RSL highstand at
the height of the observed MLs (29 and 30 m, respectively), with
the best models falling short by just ~2 m. At three of the sites, Cape
Denison, Knox Coast and Budd Coast, the range of RSL predictions
encompasses the ML elevations, and therefore our GIA model is
able to replicate the formation of these features.

At Beaver Lake, a subset of the predictions (not shown) pass
through the undated freshwater-marine transition at 54 m below
sea level (Wagner et al. 2007) around 15ka BP, implying early
deglaciation at this site. In addition, geomorphic evidence indicates
that RSL has not been above present at this site since deglaciation
(Adamson et al. 1997). Using the W12 deglacial history, our model
predicts a minimum Holocene highstand of ~2 m at Beaver Lake,
indicating that the ice-loading history may need revising downward
there.

Alternatively, we note that the use of a different eustatic curve,
that is, far-field loading history, may rectify the misfit, both at this
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Figure 6. Eustatic curves for the Bradley er al. model (2008) (solid line),
this study (dashed line), and ICE-5G (dotted line).

site and others. By substituting the ICE-5G v1.2 Antarctic compo-
nent with the W12 deglaciation model, we alter the time-dependent
global volume of grounded ice, or equivalently, the eustatic com-
ponent of the ice-loading history. To assess the implications of the
resulting errors in the eustatic component of our composite model,
we compare our eustatic component to the eustatic component of the
original ICE-5G model (Peltier 2004) and one other eustatic model
(Bradley et al. 2008; see Fig. 6). Differences are up to ~20 m during
the early period of deglaciation, but during the period when RSL
data are available in Antarctica (Holocene, and mainly the mid-to-
late Holocene), differences are <10 m, decreasing to zero during
the last few thousand years.

We do not seek to carry out an assessment of which of the two
eustatic models considered is more accurate, but simply use this
comparison to highlight the possibility that RSL predictions in areas
which do not undergo substantial solid Earth deformation could be
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shifted significantly if a more accurate eustatic history was adopted.
The site-specific viscosity inferences at such sites (Fig. 3) will be
biased. However, at the majority of our RSL sites, the perturbation
to the predictions is small in comparison with the total predicted
RSL change and so this bias is likely to be minor. The influence
of the perturbation on the regional viscosity inferences will also
be small since the model predictions lie both above and below the
data at an (approximately) equal number of sites (Fig. 3). Finally, at
sites like Beaver Lake the adoption of an alternative eustatic history,
such as that of Bradley et al. (2008), would decrease the magnitude
of the highstand by 1-2 m, thus accounting for the small misfit
which persists when we use the ICE-5G/W12 composite history. A
detailed discussion of the model fit to all the RSL data is included
in the Supporting Information.

4.1.3 Comparison to GPS uplift rates

The earth models that lie within the 95 per cent confidence limit of
the RSL data analysis (Fig. 4, column 1) are assumed to provide
bounds on realistic earth model parameters. The robustness of this
result is tested in Section 4.2.2, but first the sensitivity of uplift rates
to variations in earth model parameters is investigated.

Using the W12 deglaciation history, the earth model that mini-
mizes the misfit to the elastic-corrected GPS-observed uplift rates
(Thomas et al. 2011) is very similar to that which minimizes the mis-
fit to the RSL data, the only difference being that the GPS data prefer
an earth model with a slightly higher upper mantle viscosity of 2 x
10! Pass. This agreement in preferred earth models gives us confi-
dence that our modelling is robust. The maximum range of uplift
rates produced by the 17 earth models that lie within the 95 per cent
confidence limit of the RSL data analysis is ~2.7 mm yr' (Fig. 7a),
and occurs in regions which also experience the greatest absolute
present-day uplift rates. In Fig. 7(b) predicted and observed (elastic-

uplift rate range (mm/yr)

observed rate (mm/yr)

corrected) present-day uplift rates are plotted at each of the 35 GPS
sites (coloured dots), where the predicted rates are calculated using
the W12 deglaciation history and the optimum earth model from
the RSL analysis (see also Table S2). The spread due to model
uncertainty (horizontal error bars, Fig. 7b) is of the same order of
magnitude as the GPS error (vertical error bars, Fig. 7b), and, con-
sidering all sites, the predicted uplift rates are biased high compared
with the observed uplift rates (weighted mean bias = 1.8 mm yr';
weights are taken to be the GPS uncertainty at each site, as given in
Table S2).

The Weighted Root-Mean-Square (WRMS) error is used to assess
the degree of fit between the GIA model output and elastic-corrected
GPS observations of GIA-driven uplift:

> (0 — pi)w;
Do Wi .

0; and p; are observed and predicted uplift rates, respectively, and w;
is the weighting for each datum. When the output from a single GIA
model is being tested, the weighting is based on the GPS uncertainty
(o7 at each site: w; = m However, when we analyse the

fit of a range of predictions to the GPS data, WRMS values also
account for ‘model uncertainties’:

WRMS = “4)

wi2 _ 1

Wi = (O_I_GPS)Z + (UiGIA)Z’

®)

G

where o°FS is the 1-sigma uncertainty on the GPS observation at site

i, and 0,9 is the range of predicted uplift rates at that site. Consid-
ering the output when the W12 deglaciation model is combined with
each of the earth models that lie within the 95 per cent confidence
limit of the RSL data analysis, the WRMS error is 2.7 mm yr '

(Fig. 7b).

predicted rate (mm/yr)

Figure 7. Sensitivity of present-day uplift rates to variation across 17 earth models. (a) Magnitude of the range of present-day uplift rates for all earth models
that have a x? value within the 95 per cent confidence limit when we consider all RSL sites (see Fig. 4, first column). The W12 ice-loading history with
model S is used for all predictions. The locations of the 35 GPS sites listed in Table S2 are plotted according to the following code: Ross Sea (red), Antarctic
Peninsula (green), East Antarctica (blue), West Antarctica (black). (b) Observed (elastic-corrected) vs. predicted present-day uplift rates at the 35 GPS sites.
Predicted rates are for the best ice-earth model combination; colours indicate the region the data/predictions relate to (as shown in Fig. 7a). Vertical error bars
are 1-sigma uncertainties for the GPS data, horizontal error bars are defined using the range of predicted rates for earth models that have a x2 value within the
95 per cent confidence limit (Fig. 4, first column). The horizontal error bars may be asymmetric.
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4.2 Sensitivity to ice-loading history

4.2.1 Rate and timing of deglaciation (Experiment 2)

Having considered GIA model sensitivity to the choice of earth
model, sensitivity to the ice-loading history is now investigated.
In Fig. 8 differences in predicted present-day uplift rates between
the four interpolation methods described in Section 2.1 are plotted.
In all cases, the W12 deglaciation model is interpolated, and the
GIA model is run using the optimum earth model of Experiment
1. Model S and model L2 only differ prior to 5 ka BP (Fig. 2). The
maximum difference in predicted present-day uplift rates between
these two models is ~0.5mm yr ! (Fig. 8a), indicating that small
perturbations to the timing and rate of deglaciation prior to 5 ka BP
have a negligible effect upon present-day uplift rates. Model S2,
which is the same as model S except that it includes rapid retreat
between 14.5 and 14 ka BP (the timing of meltwater pulse 1A), also
results in predictions that are similar to those for model L2 (Fig. 8b).

(a) Model S minus Model L2

0

A new GIA model for Antarctica 1473
This is due to the relatively small eustatic contribution in the W12
model between 15 and 10ka BP.

Due to the similarity of predicted present-day uplift rates for
models S and L2, Figs 8(c) and (d) are almost identical. The greater
magnitude of the signal in these plots (peaking at ~2.4 mm yr ') in-
dicates that ice-load changes during the last 5 ka BP have a measur-
able effect upon present-day deformation rates. The stepped model
(model S) is used in Experiments 1, 3 and 4 because it most closely
replicates the retreat history described by the geological data, how-
ever, differences between the two most likely models, S and L2, are
incorporated into our assessment of the uncertainties in our new
GIA model (see Section 5).

The effect of variations in the rate of deglaciation upon predic-
tions of RSL change is also investigated. RSL predictions for all
four models differ by <5m during the period when data are cur-
rently available in Antarctica (not shown). The magnitude of the
vertical and temporal error bars on the RSL data mean that this data
set is unable to distinguish between the four interpolation models

(b) Model S minus Model S2

0

-180"

-180°

(d) Model L2 minus Model L

0

—-180"

0

1 2

uplift rate difference (mm/yr)

Figure 8. Sensitivity of present-day uplift rates to the rate and timing of deglaciation illustrated by differencing predictions for the four deglaciation scenarios.
(a) Uplift rates for model S minus those for model L2. (b) Uplift rates for model S minus those for model S2. (c¢) Uplift rates for model S minus those for model
L. (d) Uplift rates for model L2 minus those for model L. The optimum earth model (see text) and the W12 deglaciation model are used in all cases.
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and the use of a different interpolation method is unlikely to alter
the choice of optimum earth model.

4.2.2 Uncertainty in deglaciation history (Experiment 3)

Whitehouse et al. (2012) provide an estimate of the uncertainty in
ice thickness change since the LGM due to incomplete knowledge
of the climate history, geothermal heat flux distribution, rheological
properties and relative sea-level forcing for Antarctica. In total, 16
model variants were produced (see Table S1), and these are used to
investigate the sensitivity of GIA model output to uncertainty in the
ice-loading history. The preferred deglaciation history is defined by
the italicized models in Table S1 and is identical to the model that
we refer to as W12. In all cases the stepped model (model S) is used
to interpolate between 5 ka time slices, and, initially, the optimum
earth model of Experiment 1 is used.

In Fig. 9(a) the magnitude of the range of predicted present-day
uplift rates for the 16 deglaciation models is plotted. The maximum
range is ~2.1 mm yr !, and corresponds to locations where the ice
sheet reconstruction displays the greatest uncertainty (Whitehouse
et al. 2012). Fig. 9(b) compares the elastic-corrected GPS uplift
rates (Thomas et al. 2011) with the predicted present-day uplift
rates at the 35 GPS sites. The horizontal error bars, which are the
same magnitude as the vertical GPS errors, represent the range of
predicted uplift rates for the 16 deglaciation models.

Predicted LGM ice thicknesses vary by several 100 m in poorly
constrained regions of the ice sheet reconstruction (Whitehouse
et al. 2012), but over the full deglacial period these differences only
result in present-day uplift-rate discrepancies of a few millimetres
per year. To first order, the 16 deglaciation models used in this
sensitivity test are very similar since they have been developed
using the same grounding line extents and basal sliding parameters
(Whitehouse et al. 2012). Therefore, in our experiments, we find
that earth model and ice-history uncertainties contribute equally to
the error budget (compare Figs 7 and 9). When the two sensitivity
tests are combined, that is, both the deglaciation model and earth
model are varied simultaneously (within the 95 per cent confidence
limits of the RSL analysis), predicted uplift rates may vary by up to
~4mm yr~! in regions of maximum uplift, due to uncertainties in
the GIA model inputs.

uplift rate range (mm/yr)

observed rate (mm/yr)

We note that this range may be biased because the range of
earth models within the 95 percent confidence limits of the RSL
analysis were derived using a single deglaciation model (W12).
This possibility is investigated by seeking the best-fit earth model
(in terms of fitting the RSL data) for each of the 16 deglaciation
models. The analysis selects the same lithospheric thickness and
upper mantle viscosity in all cases, and the lower mantle viscosity
varies between 10*2 and 2 x 10?? Pas, indicating that our choice
of optimum earth model is relatively robust and the uncertainty
range given above is accurate. These results also confirm that the
modelled ice-load changes in Antarctica are not of large enough
spatial extent to excite extensive deformation in the lower mantle,
and hence solutions are relatively insensitive to the value of viscosity
in this region.

4.3 Adjusted model (Experiment 4)

Using the optimum earth model, uplift rates for the W12 deglacia-
tion model are compared with elastic-corrected GPS-observed uplift
rates (Figs 10a and b), and regions where the GIA model currently
does not fit present-day geodetic observations are identified. The
GIA model provides a good fit to the GPS data throughout East
Antarctica (blue dots, Fig. 10b). Uplift rates at the Ross Sea sites
(red dots, Fig. 10b) are only slightly over-predicted by the GIA
model, except at ROB1, where the observed rate is ~5mm yr !
faster than the predicted rate; the velocity at this site appears to
be erroneous as noted by Thomas et al. (2011). Throughout West
Antarctica and the Antarctic Peninsula, the GIA model consistently
predicts uplift rates that are greater than the observed rates (black
and green dots, respectively, Fig. 10b). This is most notable along
the Antarctic Peninsula where GPS rates approach zero after ac-
counting for elastic rebound (<2 mm yr '), while the GIA model
predicts rates of ~5 & 2mm yr .

The W12 deglaciation model combined with the optimum earth
model, as presented in Fig. 10(a), and is the main result of this
study. The task of fine-tuning this model to fit the growing body
of RSL and GPS data is largely a challenge for the future. How-
ever, in an attempt to improve the fit to observed uplift rates in the
Antarctic Peninsula, a perturbed deglaciation model is constructed:

IR [ TR TN TR TR IS SN SO SO SO [ TR T TR SR [ 1

5
predicted rate (mm/yr)

10

Figure 9. Sensitivity of present-day uplift rates to uncertainties in the ice-loading history. (a) Magnitude of the range of present-day uplift rates for the 16
deglaciation models of Experiment 3. The optimum earth model is used in all cases (see text). The locations of the 35 GPS sites are plotted as for Fig. 7. (b)
Observed (elastic-corrected) vs. predicted present-day uplift rates at the 35 GPS sites. This figure is identical to Fig. 7(b) except that the horizontal error bars
relate to the range of predicted rates for all 16 ice-loading models. The horizontal error bars may be asymmetric.
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Figure 10. (a) Predicted uplift rates for the W12 deglacial model combined with the optimum earth model are overlain by elastic-corrected GPS rates (Thomas
et al. 2011) plotted using the same colour scale. The magnitude of the circle at each GPS site is inversely proportional to the GPS uncertainty at that site
(see Table S2). (b) Observed (elastic-corrected) versus predicted present-day uplift rates at the 35 GPS sites for the W12 deglacial model combined with the
optimum earth model. Sites are colour-coded as in Figs 7(b) and 9(b). Vertical error bars are 1-sigma uncertainties for the GPS data. (c) As for (a), but for the

W12a model. (d) As for (b) but for the W12a model.

The Late Holocene loading history in the Antarctic Peninsula is
adjusted within the bounds of W12 model uncertainty and very
sparse geological constraints. Ice-loading fluctuations are likely to
have been considerable in the Antarctic Peninsula during this pe-
riod of rapid climatic change (Vaughan et al. 2003), and will have
a non-negligible effect upon present-day uplift rates (Ivins et al.
2000).

In line with observations of accumulation increases in the Antarc-
tic Peninsula during the Late Holocene (Thomas et al. 2008), ice
thickness increases between 10 and 500 m are applied between the
1000 a BP and 500 a BP time slices and/or the 500 a BP and 100 a
BP time slices, with the possibility that the magnitude of additional
loading is different in the East and West Antarctic Peninsula. The
additional loading is applied anywhere there is grounded ice at the
present-day in the region north of 75°S and between 280°E and
310°E. Within this the East Antarctic Peninsula is defined to be the
region east of 295°E and south of 68°S. The ice-loading perturbation
required to fit the weighted Antarctic Peninsula GPS data is found
to be highly non-unique, and strongly dependent upon the adopted
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earth model. For example, a smaller magnitude of additional ice
would be required to fit the GPS data if a much weaker earth model
were adopted for this region, as advocated by Ivins ef al. (2011).
Adopting the optimum earth model of Experiment 1, we find that
increasing ice thicknesses throughout the Antarctic Peninsula (north
of 75°S) by 150 m between the 1000 a BP and 500 a BP time slices,
and by another 150 m between the 500 a BP and 100 a BP time
slices, optimizes the fit to the weighted Antarctic Peninsula GPS
data (Figs 10c, d, and Table S2). We call this ice model, which in-
cludes additional ice-loading in the Antarctic Peninsula during the
Late Holocene, model W12a.

Using the W12a deglaciation model in conjunction with the op-
timum earth model, the WRMS error for GPS sites within West
Antarctica improves from 4.2 to 3.1 mm yr~', and the WRMS er-
ror for the full set of Antarctic GPS sites improves from 2.9 to
2.3mm yr~'. The mean bias, for the full set of sites, is reduced from
1.8 to 1.2mm yr !, indicating that predicted uplift rates based on
the W12a model, when combined with the optimum earth model,
are still biased high compared with the observed uplift rates.
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Figure 11. RSL data and predictions at Antarctic Peninsula sites. Fig. 11 is identical to Fig. 3 apart from the addition of predicted RSL curves for the
W12a deglaciation model at each site (red dashed lines). These predictions are generated using the same (optimum) earth model as the solid red lines (W12

deglaciation model).

The perturbation to the W12 ice-loading history required to pro-
duce the W12a deglaciation model does not affect RSL predictions
for East Antarctica or the Ross Sea, but it does have an impact upon
RSL predictions in the Antarctic Peninsula (Fig. 11): the magnitude
of the predicted Holocene highstand is decreased by up to 3 m,
and RSL predictions approach present-day levels 1-2 ka BP, with
some sites predicted to have experienced RSL below present during
the last 1000 yr. This pattern of RSL change arises as background
rates of rebound, due to Holocene unloading, are balanced by sub-
sidence due to the increase in loading during the last millennium.
The resolution of the RSL data is currently too low to be able to
test the validity of these perturbations to the RSL predictions, but
the data do not exclude the W12a deglaciation model and the GPS

data require the lower rates of uplift provided by this modification;
other variants may provide similar or better fits.

4.4 Uncertainty in modelled uplift rates

For the calculations of Section 4.3, the optimum earth model of
Experiment 1 is used, but we note that the W12a model displays
a similar sensitivity to earth model uncertainty as the W12 model.
We now seek the earth models that provide lower and upper bounds
on the maximum rate of GIA-related geoid height change within
Antarctica when combined with the W12 and W12a deglaciation
histories. Geoid heights are used to define these bounds since the
primary goal of this study is to provide a bounded GIA correction to
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Figure 12. W12 model range: (a) uplift rates for the lower bound earth model (see main text) minus uplift rates for the optimum earth model (Fig. 10a). (b)
Uplift rates for the upper bound earth model (see main text) minus uplift rates for the optimum earth model (Fig. 10a). (c) As for (a), but for the W12a model.

(d) As for (b), but for the W12a model.

the GRACE data. However, for consistency with previous figures,
we plot uplift rates relating to these lower and upper bound solutions
in Fig. 12. earth models are chosen from within the 95 per cent
confidence limits of Experiment 1.

In Fig. 12 we plot the difference between predicted uplift rates
for the W12/W12a model combined with the optimum earth model
(Figs 10a and c) and predicted uplift rates for earth models that
define lower and upper bounds for the W12/W12a models. These
difference plots may be regarded as the uncertainty, expressed in
terms of uplift rates, associated with the W12 and W12a mod-
els. The shorter wavelength signal in Figs 12(b)/(d), compared to
Figs 12(a)/(c), is associated with the fact that earth models with
different lithospheric thicknesses are differenced to produce the
former plots. The parameter space has also been expanded to in-
clude different deglaciation histories, as described in Experiment
3 (Section 4.2.2). This slightly alters the pattern of the spatially
variable uncertainty, but, to first order, it does not alter the mag-
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nitude due to trade-offs between the ice/earth model combinations
that give a good fit to the RSL data. In general, uncertainty on uplift
is ~2mm yr ! in West Antarctica and ~1 mm yr~' throughout the
majority of East Antarctica.

The lower bound for both the W12 and W12a models (Figs 12a
and c) is provided by an earth model with a lithospheric thickness
of 120 km, an upper mantle viscosity of 1 x 10*! Pas, and a lower
mantle viscosity of 5 x 10%! Pas. The upper bound for both the W12
and W12a models (Figs 12b and d) is provided by an earth model
with a lithospheric thickness of 96 km, an upper mantle viscosity of
0.8 x 10?! Pas, and a lower mantle viscosity of 20 x 10?! Pas. This
limiting method is used to define the uncertainty in our solutions,
instead of simply adopting the total range of uplift rates at each
point, because these upper and lower bound solutions are physically
self-consistent solutions to the sea-level equation, and hence can be
used to directly constrain the error on the GIA correction that will
be applied to the GRACE data.
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5 DISCUSSION

Our new GIA model is a clear improvement upon previous attempts
to model GIA processes in Antarctica, demonstrating an improved
fit to available RSL and GPS data sets (Figs 3, 10 and 13; ¢f.
Bassett ef al. 2007; Thomas et al. 2011). Our best-fit deglaciation
model, W12, uses a stepped model of ice retreat, in agreement with
geological observations. To give the best fit to RSL observations,
the W12 model is combined with our optimum earth model, which
has a lithospheric thickness of 120 km, an upper mantle viscosity
of 1 x 10?! Pas, and a lower mantle viscosity of 5 x 10! Pas.

The W12 deglaciation history accurately reproduces the majority
of the RSL observations when coupled with the best-fitting earth
model specific to each site. At almost all sites, the model-data
agreement decreases when a single earth model is used to calcu-
late RSL predictions at all sites, or a subset of sites (red and blue
lines on Fig. 3). At several sites (Beak Island, Marguerite Bay,
Ablation Point, Vestfold Hills, and Larsemann Hills) the shape of
the predicted RSL curve is highly sensitive to the choice of up-
per mantle viscosity, making it impossible to simultaneously fit the
data at these sites using a single earth model. This may reflect lat-
eral variations in rheological properties, but in the central Antarctic
Peninsula, where best-fitting site-specific upper mantle viscosities
vary 0.1-5 x 10%! Pas within ~300 km, it likely reflects errors in
the ice-loading history. For this reason, we omit the Marguerite Bay
RSL data to prevent bias in our search for those earth models that
best reproduce the Antarctic RSL data set. The fit to RSL data may
be further improved by adopting a different eustatic model.

The W12 deglaciation history, when combined with the opti-
mum earth model, accurately reproduces present-day uplift rates
throughout the majority of Antarctica (Fig. 10a). There is a clear
improvement in the fit between observed and predicted uplift rates
at the Antarctic Peninsula sites when we attempt to account for Late
Holocene loading (model W12a, green dots, Fig. 10d), and we cau-
tion that the ice-loading history of the original W12 deglaciation
model probably contains large errors in this region. Inaccuracies in
the deglaciation model are likely related to the spatial resolution of
the numerical ice-sheet model and the inability of the physics used
within this model to represent steep lateral gradients in ice veloc-
ity. In addition, the very different mantle rheology of the northern
Antarctic Peninsula (Ivins ef al. 2011) adds to the complexity of
modelling GIA in this region.

The WRMS error for our W12 and W12a modelled uplift rates,
calculated using the optimum earth model, is ~2-2.5mm yr !
smaller than for the 1J05 and ICE-5G GIA models (Fig. 13, weights
are based on GPS uncertainties). However, our predicted uplift rates

are still biased high (Figs 13c and d) and Fig. 10(c) shows remaining
areas of misfit to be around the southern Weddell Sea coast. The
mean misfit can be reduced by choosing a very low (~10' Pas),
or very high (5 x 10%!' Pa s), upper mantle viscosity for the whole
of Antarctica, but such earth models would be unable to reproduce
the RSL observations, and are incompatible with independent esti-
mates of upper mantle viscosities for continental regions (Lambeck
& Chappell 2001; Mitrovica & Forte 2004). The remaining mis-
fit may reflect our inability to represent lateral variations in Earth
structure (Morelli & Danesi 2004), which would, incidentally, have
a profound effect upon horizontal rates of deformation (Kaufmann
et al. 2005). The misfit may also have some contribution from GPS
velocity errors, including those related to the modelling of elastic
effects, but it is most likely that the high uplift rates reflect the pres-
ence of too much ice in the W12 ice-sheet reconstruction during the
LGM in this region (Whitehouse ef al. 2012).

‘We have demonstrated that neither the early loading history (prior
to ~50ka BP) nor the rate of deglaciation prior to 5Ska BP has a
measurable effect upon present-day uplift rates. However, the tim-
ing, duration and magnitude of the LGM, and, crucially, the details
of ice loading during the last 5ka (Ivins e al. 2000), can perturb
present-day uplift rates by 1-2mm yr ! (e.g. Fig. 8d). A signal of
this magnitude is measurable given the current vertical precision of
GPS measurements, and therefore these characteristics of the AIS
must be more tightly constrained in future ice-sheet reconstruc-
tions. In particular, the degree to which the LGM was a long-lived,
Antarctic-wide, contemporaneous event should be investigated. For
example, uplift rate predictions would be considerably reduced if
the maximum extent of the dynamic, marine-grounded West AIS
was a transient state, only maintained for a few thousand years.

The optimum earth model, which was chosen to give the best fit to
the RSL data, lies within the range of viscosity models proposed by
earlier GIA studies (Nakada & Lambeck 1988; Ivins & James 2005).
However, the earth models preferred by the subsets of East and West
Antarctic sites contain some surprising features: The East Antarctic
data prefer an earth model with a lithospheric thickness of 71 km, in
disagreement with the general consensus that this region is underlain
by very thick lithosphere (Ritzwoller et al. 2001; Morelli & Danesi
2004). In addition, these data prefer a lower mantle viscosity of 2 x
10?! Pass. This value is only double the upper mantle viscosity value
preferred by the East Antarctic RSL data, at odds with the view that
lower mantle viscosities are at least an order of magnitude greater
than upper mantle viscosities (Mitrovica 1996; Lambeck et al. 1998;
Mitrovica & Forte 2004). However, there is only a weak dependence
upon these parameters for this subset of data, so the preference for a
thin lithosphere and a relatively weak lower mantle is not completely
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robust. More surprising is the result that the West Antarctic RSL
data prefer a similar upper mantle viscosity to East Antarctica,
in disagreement with the general consensus that the upper mantle
is hot and weak in this former rift zone (Ritzwoller et al. 2001;
Morelli & Danesi 2004). If the Ross Sea RSL sites are redefined
to be ‘East Antarctic sites’ this does not alter the result, and the
x 2 misfit for the West Antarctic sites does not appreciably improve.
It will be interesting to see whether the upper mantle viscosities
preferred by the RSL data are supported by forthcoming seismic
data (www.polenet.org). As discussed earlier, these regional earth
model solutions may be biased by errors in the ice-loading history,
but they will also be influenced by sites which have a very small
number of data, as these will have a strong preference for a small
subset of earth models. Low quality RSL data that have poor age
constraints, or are open to incorrect interpretation, may also bias
the choice of earth model. The improvement and expansion of the
RSL data set for Antarctica would have a profound effect upon our
ability to constrain local Earth rheology and regional ice-loading
histories since the LGM.

The error bars attached to our GIA model are related to un-
certainty in both the deglacial reconstruction and the earth model
(Figs 7-9 and 12), and the greatest errors are found in regions of
greatest uplift. There is a strong trade-off between ice loading and
upper mantle viscosity in such regions, and it is imperative that
maximum uplift rates are constrained as tightly as possible. Un-
fortunately there are few outcrops in these regions of rapid uplift
upon which to establish GPS sites, and there are still extensive areas
throughout Antarctica where our GIA model contains large uncer-
tainties due to a lack of GPS or RSL data to test different scenarios.
The collection of such data is limited by the low density of rock
outcrops in many regions, but areas such as Dronning Maud Land
and Coats Land (where, interestingly, up to 6 mm yr~ ' present-day
subsidence is predicted by our best-fitting model) have the poten-
tial to provide vital information on the deglacial history of the
AIS, and hence reduce GIA model uncertainties. The seismic pro-
filing carried out during the POLENET project (www.polenet.org)
should also help to address questions relating to uncertainty in Earth
structure.

In creating our adjusted deglaciation model, W12a, we attempt to
generate a GIA model that best fits available geodetic observations
of GIA-related uplift, and hence provide the most accurate GIA
correction possible to the GRACE community. We note that this
approach is dependent upon our ability to accurately account for the
elastic response to present-day loading within the GPS data (Thomas
etal. 2011), and suggest that an iterative or inverse approach to this
problem should be considered in future work. The method that we
have used to reduce predicted uplift rates in the Antarctic Peninsula
may not accurately capture all of the physical processes taking
place. Indeed, the 1J05 model (Ivins & James 2005) invokes a much
smaller LGM ice sheet in the northern Antarctic Peninsula, and
achieves a good fit to the GPS data in this region (Thomas et al.
2011), whereas Ivins et al. (2011) invoke low mantle viscosities to
fit an alternative set of GPS data.

Finally, we compare our new Antarctic GIA model results with
existing models, which have thus far been used to correct the
GRACE data. Our predicted uplift rates display a similar large-scale
pattern to those in the 1J05 model (Ivins & James 2005; Simon et al.
2010; Fig. 14), with subsidence in the interior of East Antarctica
and uplift throughout West Antarctica. Maximum uplift rates for
these two models are of the same order of magnitude, but we pre-
dict strong uplift in the Weddell Sea, while the 1J05 model predicts
strong uplift in the southern Antarctic Peninsula, which seems to
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be at odds with the GPS data. Our prediction of low (~1 mm yr ')
uplift rates around the coast of East Antarctica is also in better agree-
ment with the GPS data than the 1J05 model. The ICE-5G model
(Peltier 2004) predicts uplift in the interior of East Antarctica, and
whilst this cannot be refuted by the GPS data, it is in disagreement
with observations of lower LGM elevations in this region of the ice
sheet, as derived from ice core data (Jouzel et al. 1989; Parrenin
et al. 2007). Maximum uplift rates predicted by the ICE-5G model
are greater than those predicted by our model, especially along the
Siple Coast. This issue, again, cannot be resolved due to the lack
of uplift rate observations in this region, but constraints on former
ice thicknesses in this region (Whitehouse et al. 2012, and refer-
ences therein) indicate that even the W12 model thickness changes
are an upper bound, and therefore the ICE-5G rates are likely an
over-estimate.

The differences between these three models highlight the diffi-
culty of creating an accurate GIA model for Antarctica, and we
therefore place spatially-variable upper and lower bounds on our
final solution (Fig. 12). Errors have been assessed due to uncertain-
ties in both the ice-loading history and the earth model parameters,
and should be used to place bounds on the GIA contribution to the
GRACE data.

6 CONCLUSIONS

(1) We present a new GIA model for Antarctica, which is driven
by a new deglaciation history that has been developed using a nu-
merical ice-sheet model and tuned to fit observations of ice extent
since the LGM.

(2) There is no single earth model that simultaneously fits the
RSL data well at all sites, however, a good fit with field observa-
tions around Antarctica can be achieved for a small range of earth
models. The predictions are only weakly dependent upon changes
in lithospheric thickness and lower mantle viscosity and so use-
ful constraints on these parameters could not be determined. In
contrast, the predictions are sensitive to changes in upper mantle
viscosity and the RSL data constrain this parameter to lie in the
range (95 per cent confidence) 0.8-2.0 x 10%! Pas.

(3) We attribute misfits to the RSL data to errors in the deglacia-
tion history, or the unmodelled effects of lateral Earth structure.
Improvements in the quality of the RSL data may also improve the
fit.

(4) Comparing GIA model predictions to elastic-corrected GPS
uplift rates we find that our W12 model predictions, generated
using the optimum earth model, are biased high (mean bias =
1.8 mm yr '), and we calculate a WRMS of 2.9 mm yr'. GPS rates
in East Antarctica are accurately reproduced by the W12 model, but
uplift rates are systematically over-predicted by this model in some
areas of West Antarctica and throughout the Antarctic Peninsula.
The GPS data are best-fit by an earth model very similar to that
preferred by the RSL data.

(5) We find a weak dependence of present-day uplift rates on
the details of the deglaciation history prior to 5 ka BP. We therefore
address the misfit to GPS uplift rates in the Antarctic Peninsula
by adjusting only the Late Holocene loading history in this region,
within the bounds of uncertainty of the deglaciation model. Using
this adjusted model (model W12a), in combination with the opti-
mum earth model, the WRMS error for West Antarctica improves
from 4.2 to 3.1 mm yr~ ! and the WRMS considering all Antarctic
GPS sites improves from 2.9 to 2.3 mm yr~!. The weighted mean
bias across Antarctica is reduced from 1.8 to 1.2 mm yr .
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(6) Our WRMS error of 2.3 mm yr ' (model W12a, optimum
earth model) is an improvement upon the values of 4.9 mm yr !
for ICE-5G and 5.0mm yr ' for 1J05. Our predicted uplift rate
distribution is similar to 1JOS, but we find a smaller magnitude of
uplift around coastal East Antarctica and in the southern Antarctic
Peninsula. Similar to ICE-5G we predict the greatest uplift rates in
the Ross and Weddell Seas, although our maxima are smaller than
predicted by ICE-5G.

(7) We quantify errors on our predicted GIA uplift rates due
to uncertainties in both the ice-loading history and the adopted
earth model. Improving the Antarctic RSL and GPS datasets would
decrease these uncertainties. Spatially variable error bars are placed
on our final GIA uplift rate predictions, thus providing an invaluable
tool for the future quantification of ice-mass change in Antarctica
by geodetic, altimetric, and gravitational methods.

(8) This work provides a new GIA correction for the GRACE
data in Antarctica, thus permitting more accurate constraints to be
placed on current ice-mass change.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:

Figure S1. Predicted minus observed ice thicknesses for the present-
day ice-sheet reconstruction of Whitehouse et al. (2012).

Figure S2. (a) Plan view of grounding line retreat superimposed
upon the 20 km grid. The three grounding line regions are labelled
inred (see text). The blue arrow indicates the direction of grounding
line retreat between time tka BP and time (¢ — 5)ka BP. The red
dot indicates node j, the green dots indicate the closest nodes in
regions ¢ = 2 and ¢ = 0. dy; and dy; are the distances between
these nodes and node j, respectively. (b) Side view of ice surfaces
during grounding line retreat between time #ka BP and time (# —
5)ka BP. The three grounding line regions are labelled in red. The
darkest and lightest solid blue lines indicate the ice surface derived
from the numerical ice sheet model at times ¢ and (r — 5)ka BP,
respectively. The mid-blue solid line indicates the position of the
intermediate ice surface at (r— 2.5) ka BP. The dashed lines indicate
the ‘target’ ice thickness (see text) at the intermediate time (mid-
blue) and (¢ — 5) ka BP (light blue). d,gr. and dygr are the distances
used to define the ratio (d,/dy)gL, which is used to test whether a
node lies inside or outside the grounding line. (c) Side view ofthe ice
surfaces during grounding line retreat if the ‘target’ ice thickness at
the intermediate time is assumed to be zero rather than the thickness
of'ice at flotation.

Table S1. Details of the 16 ice-sheet reconstructions used in Ex-
periment 3 (see main text). The values in italics define the ‘best’
deglaciation history of Whitehouse et al. (2012); this is the model
that we call W12. D is lithospheric rigidity and t is asthenospheric
relaxation time, as described in the Glimmer ice-sheet model (Rutt
et al. 2009). The spatially variable sea surface height is derived
using the ICE-5G global deglaciation model (see Whitehouse et al.
(2012) for further details).

Table S2. Details of the GPS sites used in this study together with the
observed, modelled elastic, and elastic-adjusted vertical GPS rates,
modelled vertical GIA rates, and the misfit between modelled and
observed (elastic-adjusted) vertical rates (positive denotes uplift).
One sigma uncertainties are given (see Thomas ef al. 2011), and the
method used to model the elastic rates is described in Thomas et al.
(2011). At nine locations with co-located receivers, individual site
rates are not used (grey); rather, weighted average rates are derived
to give the ‘_AV’ rates (bold). At the Northern Antarctic Peninsula
sites, the starred () records are the rates used in the analysis as the
best estimate of the viscous GIA signal. These are derived from pre-
March 2002 data: the elastic signal prior to the breakup of Larsen-B
Ice shelf is assumed to be close to zero at these locations. The
subsequent entries for these sites are given the suffix ‘°_EL’ where
the GPS rates are derived from the post-March 2002 data and are
dominated by the elastic signal associated with the glacier speedup
after the Larsen-B break up. The modelled GIA rates are generated
using the W12 and W12a deglaciation models with the optimum
earth model (see main text), as plotted in Figs 10(b) and (d) of the
main text.

Supplement. Material that is critical to understanding the develop-
ment of the new glacial isostatic adjustment (GIA) model is included
in the main text. Here we present highly specialized details, which
are only likely to be of interest to those seeking to perform a similar
study.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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