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Abstract: Geodynamic processes in Antarctica such as glacial isostatic adjustment (GIA) and post-seismic deformation are measured by geo-
detic observations such as global navigation satellite systems (GNSS) and satellite gravimetry. GNSS measurements have comprised both con-
tinuous measurements and episodic measurements since the mid-1990s. The estimated velocities typically reach an accuracy of 1 mm a~" for
horizontal velocities and 2 mm a~" for vertical velocities. However, the elastic deformation due to present-day ice-load change needs to be
considered accordingly.

Space gravimetry derives mass changes from small variations in the inter-satellite distance of a pair of satellites, starting with the GRACE
(Gravity Recovery and Climate Experiment) satellite mission in 2002 and continuing with the GRACE-FO (GRACE Follow-On) mission
launched in 2018. The spatial resolution of the measurements is low (about 300 km) but the measurement error is homogeneous across Ant-
arctica. The estimated trends contain signals from ice-mass change, and local and global GIA signals. To combine the strengths of the indi-
vidual datasets, statistical combinations of GNSS, GRACE and satellite altimetry data have been developed. These combinations rely on
realistic error estimates and assumptions of snow density. Nevertheless, they capture signals that are missing from geodynamic forward models

such as the large uplift in the Amundsen Sea sector caused by a low-viscous response to century-scale ice-mass changes.

Several geodynamic processes occurring in the Earth’s mantle
manifest in geodetic observations in Antarctica such as global
navigation satellite systems (GNSS: comprising GPS, GLO-
NASS, Galileo, BeiDou and further systems), time-variable
gravity and satellite altimetry. These include surface-loading
processes from past ice-thickness changes, post-seismic defor-
mation and possible dynamic topography. The geodetic obser-
vations are becoming more numerous because of continuous
coverage from satellite measurements and increasing efforts
to place GNSS antennas on bedrock in Antarctica. At the
same time, measurements are becoming more accurate with
increasing instrument precision and better corrections (King
et al. 2010). Moreover, geodynamic processes are visible as
secular trends, which means that with longer time series
from GNSS or satellite measurements the signal/noise ratio
of geodynamic signals increases. The dominant problem in
observing geodynamic processes with geodetic observations
is that several processes are mixed; uplift or gravity rates are
influenced by current ice unloading, past ice-thickness
changes and post-seismic changes. Therefore, several studies
have been dedicated to disentangling the processes by using
models as well as further non-geodetic data (e.g. firn compac-
tion: Ligtenberg et al. 2011; rheological parameters based on
seismic tomography: van der Wal et al. 2015). Recent studies
have had success in constraining the glacial isostatic adjust-
ment (GIA) process and post-seismic deformation (Barletta
et al. 2022, this volume). This chapter provides an overview
of the main geodetic data types, their strengths and weak-
nesses, and main results.

Measurements collected by permanently or temporarily
installed GNSS receivers are most valuable since they allow
coordinates and coordinate changes to be accurately inferred,
and, thus, the time-variable geometry of the Earth’s surface to
be determined (King et al. 2010). For our purpose, we are
interested in geodetic GNSS equipment with the antenna sta-
bly placed on bedrock and the receiver permanently recording
data (permanent station) or in certain observation periods
(campaign station). An overview of measurements and
insights is presented in the following section. Time-variable
gravity data from the GRACE (Gravity Recovery and Climate

Experiment) and GRACE-FO (GRACE Follow-On) missions
are discussed in the ‘Temporal gravity field variations from
satellite gravimetry’ section, while the static gravity measure-
ments are discussed by Pappa and Ebbing (2021, this volume).
Further constraints for modelling GIA may be inferred from
relative sea-level curves where they can be unequivocally
identified and dated (e.g. Peltier 1998). However, Antarctica
near-field relative sea-level data are scarce and are not able
to provide a similar level of information as GNSS (e.g. Ivins
and James 2005).

To address the problem of superposition of processes, sev-
eral studies have produced combinations of measurements,
each of which has a different sensitivity to surface and solid
Earth processes (e.g. Riva et al. 2009; Groh et al. 2014; Gunter
et al. 2014; Martin-Espafiol et al. 2016b). These measure-
ments can include GRACE-derived temporal gravity changes,
surface changes from radar and/or laser altimetry, and posi-
tion changes from GNSS. The combinations increased the
constraints on the GIA process and have become known as
‘empirical’ or ‘inverse’ GIA models. These will be reviewed
in the ‘Results on mantle-related processes from geodetic
data combination’ section. The chapter concludes with a sum-
mary of the state of the art and an outlook for possible
improvements in the field of geodetic measurements of mantle
processes in Antarctica.

Geodetic GNSS measurements to constrain the modelling
of ice-induced Earth deformation

Past and recent Antarctic ice-mass changes form the loading
and unloading of the Earth’s crust. These load changes
cause crustal deformations that can be observed by geodetic
measurement techniques, especially by GNSS. The response
of the solid Earth depends on the timescales of the load and
the related rheological properties of the Earth’s interior (van
der Wal et al. 2015; Ivins et al. 2020; Barletta er al. 2022,
this volume). On short timescales (seismic waves), the
response is driven primarily by elastic properties; and on
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longer timescales, from decades to thousands of years, anelas-
tic and viscoelastic properties become more important. The
ductile behaviour of the lithospheric and upper mantle that
is a function of the pressure—temperature distribution, espe-
cially in the asthenosphere, govern the response on these lon-
ger timescales (Ivins er al. 2021, this volume). The slow,
time-dependent deformation is known as creep, and dominates
the strength of the material below the brittle crust where mate-
rial strength is determined by the resistance to fracturing. To
understand measured crustal deformation and to come up
with informed predictions, suitable numerical models have
to be set up and their parameters have to be determined.
These rheological parameters include the effective elastic
thickness of the lithosphere (Burov 2011) and the viscosities
of the upper mantle (especially asthenosphere) and lower man-
tle, respectively, as well as their lateral variations. They can be
determined based on seismic-wave tomography and labora-
tory experiments on material behaviour, but such inferences
suffer from a large uncertainty (Ivins ez al. 2021, this volume).
Therefore, constraints on the models are needed.

GNSS observations are used to accurately and consistently
determine coordinates and coordinate changes of specially
marked points in the bedrock. However, in Antarctica these
observations are limited to a few places where bedrock is acces-
sible. It has to be noted that for a long time GPS was the only
available system while further satellite navigation systems
reached full operation mode and/or civil access (much) later.
Today, more systems are available (e.g. GLONASS (Russia),
Galileo (Europe) and BeiDou (China)), and modern receivers
featuring several hundred receiving channels are capable of
recording a multitude of GNSS signals. The resulting coordi-
nate changes, especially vertical velocities or deformation
rates, provide independent data at the Earth’s surface and,
thus, can serve as direct constraints in the modelling.

Short history and types of geodetic GNSS observations in
Antarctica

The first, German-led, geodetic GNSS projects started in 1995
in the region of the Antarctic Peninsula and in Dronning Maud

Land, East Antarctica (Dietrich 1996, 2000; Dietrich et al.
2001, 2004). These measurements formed the nucleus for
the Scientific Committee on Antarctic Research (SCAR:
https://scar.org/) Epoch Crustal Movement Campaigns, in
which many international institutions have since contributed
data. The SCAR GNSS database (https://datal.geo.tu-dres
den.de/scar) was set-up and is maintained at TU Dresden.
In these ‘early’ GPS years the observations were carried out
only as campaign-style or epoch measurements (Figs 1 & 2).
One observation epoch could comprise several days of quasi-
continuous measurements from which one coordinate solution
was computed. Thus, by combining several epochs (observed
in different years), coordinate change rates can be estimated.
However, it is only possible to deduce linear rates with reason-
able accuracy; any non-linear (e.g. seasonal) signals cannot be
derived. Similar activities were performed, for example, in the
Transantarctic Mountains (1996-2001: Raymond et al. 2004;
project TAMDEF, first field season 1996-97: Vazquez
Becerra 2009), Marie Byrd Land, West Antarctica (1999-
2002: Donnellan and Luyendyk 2004) and North Victoria
Land (project VLNDEEF: Zanutta et al. 2017, 2018). Tregon-
ing et al. (1999, 2000) started to install continuously operating
GPS receivers at Beaver Lake in 1998 and extended the instal-
lation in subsequent years to study vertical crustal movement
in the region of Lambert Glacier, East Antarctica.

Around the turn of the century, the setting-up of a signifi-
cant number of permanently recording geodetic GNSS sites
was intensified. For this to succeed, the especially challenging
task of independent power supply had to be solved. Each per-
manent site has to be equipped with a large battery pack to pro-
vide sufficient electrical charge, together with solar panels and
wind generators, for recharging the batteries (Figs 3 & 4).
Attempts to use fuel-cell technology were also made in these
early years (Tregoning er al. 2000). Only in the case of a
GNSS site situated near a year-round Antarctic station can a
direct power link be utilized, as is the case for the International
GNSS Service (IGS: https://www.igs.org) sites SANAE IV,
Syowa, McMurdo, Casey, Davis, Mawson, Dumont d’ Urville,
Palmer, Rothera and O’Higgins (cf. Fig. 5). A significant
boost to deploy and run epoch and permanent geodetic
GNSS sites in Antarctica was initiated by the International

Fig. 1. Example of a GNSS campaign
site: Clark Island, Pine Island Bay,
West Antarctica. The GNSS

antenna is fixed to the bedrock.
Receiver, battery and electronics are
stowed in an aluminium box, while
the solar panel is used to recharge
the battery. Image credits:

M. Scheinert.
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Polar Year (IPY) 2007-09. The IPY project POLENET was
the nucleus for a number of new projects, among which is
the USA-led ANET project (Bevis et al. 2009; Barletta er al.
2018). Here, UNAVCO (University NAVSTAR Consortium:
https: //www.unavco.org) plays a decisive role in not only
providing hardware and engineering expertise for the set-up
and maintenance of GNSS sites, but also in operating one of
the largest data archives including Antarctic GNSS data.
Many national Antarctic programmes have also provided
logistic support to carry out these operations in Antarctica.

Reference frame, technique-related issues and accuracy
issues

In the data analysis, the linkage of GNSS position measure-
ments to a proper reference system has to be realized

Fig. 2. Example of a GNSS campaign
site: Backer Islands, Pine Island
Bay, West Antarctica. Image

credits: M. Scheinert.

(realization of the so-called ‘geodetic datum’) in order to
maintain a practical and accessible solution of the origin,
axes and scale of the terrestrial reference frame. In the differ-
ential GNSS (DGNSS) method, this is principally fulfilled by
the inclusion of reference sites that are IGS sites within Ant-
arctica and at the adjacent continents, and the application of
a suitable six- or seven-parameter Helmert transformation.
In the precise point positioning (PPP) technique, the role of
these fiducial points is taken over by precise ephemeris of
the GNSS satellite orbits. For both techniques, and especially
in the processing of GNSS data usually spanning time periods
of more than 1 year, further data and models, and precise and
consistent orbit coordinates as well as clock parameters, have
to be introduced: for example, from consistent reprocessing
(Riilke et al. 2008; Rebischung et al. 2016; Villiger and
Dach 2020, p. 11). Further parameters introduced into the
analysis are phase centre offsets of satellite and receiver

Fig. 3. Example of a GNSS
permanent site: Kottas Mountains,
western Dronning Maud Land, East
Antarctica. The GNSS antenna is
installed on the left outcrop (see also
Fig. 4). This GNSS site is co-located
with a seismometer station of the
Alfred Wegener Institute, Germany.
On the right outcrop, solar panels
and wind generators are mounted.
Image credits: E. Buchta.

Downloaded from http://pubs.geoscienceworld.org/books/edited-volume/chapter-pdf/5790501/16_gslbooks2021-22.pdf
bv TUJ) Delftl ibrarv user


https://www.unavco.org
https://www.unavco.org

298 M. Scheinert et al.

Fig. 4. Example of a GNSS
permanent site: Kottas Mountains,
western Dronning Maud Land, East
Antarctica (see also Fig. 3). Image
credits: E. Buchta.
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Fig. 5. Distribution of permanent and episodic GNSS sites in Antarctica used in the GIANT-REGAIN reprocessing (red triangles). Blue triangles denote
IGS sites.
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antennas, and tropospheric and ionospheric signal propagation
delay. Geodynamic phenomena are likewise corrected for
using models for solid Earth tides, ocean tidal loading and
atmospheric loading; see King et al. (2010) for a comprehen-
sive overview. In addition, King and Santamaria-Gémez
(2016) and Turner er al. (2020) emphasize the problem of
the separability of the (horizontal) GIA and plate motion
from GNSS data. Therefore, GNSS-inferred horizontal veloc-
ities have to be used with caution when constraining GIA
models in Antarctica.

A particular problem for GNSS in regions of high latitude
can be the accumulation of snow on the antenna, which leads
to perceived subsidence. In Antarctica, snow was found
inside GNSS antennas equipped with radoms (Konfal er al.
2016), and the action of blocking the entry of snow led to
substantial changes in position time series (Wilson e al.
2019). The effect was investigated by Koulali and Clarke
(2020), who found that the accumulation of snow depends
on local weather conditions and was greatest for cold regions
with high wind speed. They showed a substantial effect of
snow accumulation on annual signal, but the effect on the
estimated trend is not yet known. However, this effect
together with the effects of GNSS equipment change or fur-
ther effects (such as earthquakes) that may prevent an undis-
turbed time series being obtained have to be taken into
account in the estimation of the coordinate velocities. One
proven strategy is to mark such events and to estimate the
respective velocity only for distinct time periods (where the
assumption of linearity is valid). In that respect it has to be
emphasized that metadata (such as information on antenna
height) are essential. However, often metadata are not, or
only incompletely, accessible, which is a further challenge
for reliable GNSS analysis.

The recent realization of the (International) Terrestrial Ref-
erence Frame (ITRF) is given by ITRF2014 (Altamimi et al.
2016), which is based on four basic geodetic space techniques
(VLBI (Very Long Baseline Interferometry: see https://vIbi.
org), SLR (satellite laser ranging; see https://ilrs.gsfc.nasa.
gov), DORIS (Doppler Orbitography and Radiopositioning
Integrated by Satellite, see https://ids-doris.org/) and
GNSS). If GNSS coordinates and coordinate changes are
linked to ITRF2014, they refer to its origin, which is defined
as the centre of mass of the entire Earth system (CM). This
is true in a long-time sense (or at a secular timescale) since
the ITRF2014 origin is tied to the average CM as realized
by SLR data (Altamimi et al. 2016). Some GIA models
refer to CM as well (Spada 2017; Caron et al. 2018). However,
more often GIA models refer to the centre of mass of the solid
Earth (CE) (King et al. 2010; Whitehouse 2018). CE experi-
ences a change of its trajectory in the inertial space, while
CM is stationary with respect to the inertial system and is,
therefore, accessible by orbiting satellites (Blewitt 2003).
The effect of the relative velocity of CM with respect to CE
on uplift rates has been assessed to be in the range of 0.1 (Tho-
mas eral. 2011)t0 0.5 mm a™" (Argus et al. 2014). Apart from
differences in origin definitions used by models and geodetic
solutions, different geodetic solutions may refer to different
realizations of the CM origin (see the ‘Results on mantle-
related processes from geodetic data combination’ section).

The IGS provides a GNSS-only solution for the ITRF based
on the reprocessing of global GNSS reference sites back to
1994, together with orbit ephemerides and further data (Rebi-
schung et al. 2016), named the IGS14 reference frame, and
which has recently been updated to IGb14. The position accu-
racy of these GNSS reference sites is on average +1.5 mm for
the horizontal components and +4 mm for the vertical compo-
nent (Rebischung ez al. 2016). The rate of reference frame ori-
gin could be determined with an uncertainty of 0.3 mm a~"
from the scatter of the contributing analysis centres

(Rebischung et al. 2016). This level of uncertainty was con-
firmed by Riddell et al. (2017) when investigating weekly
translations of the SLR solutions with respect to the
ITRF2014. Adopting a combined power law and white noise
model, Riddell et al. (2017) concluded that the uncertainty
in the rates of SLR X, Y and Z translations is +0.13, +0.17
and +0.33 mm a™"', respectively. This represents an improve-
ment of nearly 30% for the Z component in comparison to
the results that Argus (2012) obtained for the previous
ITRF2008 solution. Hence, the (long-term) stability of the ori-
gin realization was considerably improved in the ITRF2014 sol-
ution (Altamimi et al. 2016), which provides a decisive
precondition for the analysis of GNSS data that may now
cover more than 25 years.

To infer coordinate change rates (velocities) for permanent
observations methods of time-series analysis can be applied to
the daily GNSS position solutions. This allows researchers to
adjust simultaneously for different signal parts and noise
models. The flexibility of the stochastic modelling is much
lower in the case of epoch solutions. The time-series analysis
often consists of fitting the coordinate time series with a tra-
jectory model composed of a linear trend, annual and semi-
annual signal parts. Thereby, a suitable noise model has to
be adopted that usually includes white and coloured (flicker)
noise (Williams 2003). Respective software solutions incor-
porate these noise models (CATS: Williams 2008; HECTOR:
Bos et al. 2013) and allow a robust trend determination to be
performed, even with gaps and jumps in the time series
(MIDAS: Blewitt et al. 2016). For most sites, coordinate
changes can be determined with a precision of 0.5 mm a™'
and better. In terms of accuracy, horizontal velocities can be
determined at +1 mm a_l, while the accuracy of vertical
velocities is worse by a factor of 2: that is, at the level of +2
mm a~"' (King er al. 2010; Thomas ez al. 2011; Sasgen et al.
2018). The precision may improve with the length of the coor-
dinate time series (King et al. 2010). A common mode error
(CME) analysis may further improve the precision of the
coordinate velocity time series, especially when inferred by
PPP, as was shown for the vertical component by Liu et al.
(2018). CME considers the spatial correlation caused by
unmodelled geophysical effects such as atmospheric or non-
tidal loading and remaining systematic errors. To investigate
the non-Gaussian features of the data, Liu et al. (2018)
adopted the independent component analysis (ICA), an
advancement of the principal component analysis (PCA),
taking higher-order non-Gaussian statistics into account.
Estimates based on ICA are found to show a stronger corre-
lation with geophysical effects than PCA. After applying
spatiotemporal filtering, the mean RMS of the GNSS-
observed vertical velocities could be reduced by about 40%,
indicating the gain of precision. Likewise, the agreement
with predictions of four GIA models could be improved by
a mean reduction of 0.9 mma~' in terms of weighted RMS
(Liu et al. 2018).

For epoch observations (and, to a certain extent, also for
permanent solutions) usually a further uncertainty of 5-
10 mm is considered in addition to the precision of daily posi-
tion solutions to come up with suitable accuracy measures. In
this way, residual effects are accounted for: for example, those
caused by differences in the site set-up and by uncertainties in
the realization of the geodetic datum, especially in the determi-
nation of the origin (e.g. Argus ef al. 2014). The accuracy
measures for the resulting trends are inferred by variance prop-
agation (depending on the number of observation epochs and
the length of the time span), leading to an accuracy typically
of about 4-8 mma~! for vertical velocities (Riilke er al.
2015). However, it could be shown that after a time span of
at least 7 years the inferred (linear) rates have similar accura-
cies, as in the case of continuous observations (Riilke 2009).
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Correction for the elastic effect

The GNSS-inferred coordinate change rates reflect the defor-
mation due to instantaneous loading effects and processes
governed by the mantle, such as GIA and post-seismic defor-
mation. In order to separate out the mantle contribution, the
GNSS-inferred coordinate change rates are commonly cor-
rected for the elastic effect. This starts with the assumption
that present-day ice-mass change exerts a load that is immedi-
ate or, at least, of comparably short time. Furthermore, it is
assumed that at these timescales the response is governed by
the elastic properties of the solid Earth. The present-day ice-
mass change, for example, is estimated from ice-height obser-
vations of satellite altimetry (e.g. ERS-1/2, Envisat ICESat
and CryoSat-2: cf. Schroder et al. 2019a, depending on the
time span of the GNSS observations) together with a reason-
able assumption on the pattern of firn and ice density (e.g.
Groh et al. 2012) or applying the mass-budget method based
on climate modelling and radar measurements of ice flux
across grounding lines (e.g. King et al. 2010). In general,
the calculation of this elastic effect follows Farrell (1972),
where load Love numbers and, subsequently, Green’s func-
tions are calculated for a standard 1D Earth model like
PREM (preliminary reference Earth model) (Dziewonski
and Anderson 1981). Then, the computation can be done in
the spectral (i.e. spherical harmonic) domain, while also taking
the regional sea-level response into account (e.g. Mitrovica
et al. 2001). High-resolution computations are necessary, as
the measured uplift rates can be sensitive to loading changes
from individual glaciers (Barletta et al. 2018).

The elastic response might also be sensitive to inhomogene-
ities in the structure of the lithospheric crust, which are not
taken into account in the standard Love number formulation
in the 1D Earth model. This sensitivity is pronounced when
more localized load signals occur (Dill ef al. 2015), which is
the case for regions of considerable ice-mass loss such as
the large outlet glaciers in Amundsen Sea Embayment, West
Antarctica, but also for glacial streams in East Antarctica
like Jutulstraumen (Dronning Maud Land) or Lambert Gla-
cier, Totten Glacier or Moscow University Glacier (Wilkes
Land). Changes in the lithospheric structure might account
for variations of up to 25% of the vertical elastic deformation

90°W

180°

(Dill et al. 2015). An open problem is how the elastic and rhe-
ological properties can be derived for Antarctica and how they
should be taken into account in a consistent way both in the
modelling of the instantaneous elastic effect and in the GIA
effect. This problem is being approached by further contribu-
tions in this Memoir (Ivins ef al. 2021, this volume; Wiens
et al. 2021, this volume).

In principle, elastic parameters derived from seismic wave
speeds (e.g. Young’s modulus and density) are sufficient to
calculate elastic effects in surface-loading methods and can
be checked by microphysical measurements of lithospheric
rocks. Information on elastic properties is usually derived
from seismic velocity anomalies. An et al. (2015a) used
about 120 broadband seismographs for calculating a 3D S-
velocity model of the Antarctic lithosphere and depth esti-
mates of the Mohorovi¢ic (Moho) discontinuity. From the
average ratio between lithospheric mantle and crustal densi-
ties, they concluded that the lithospheric mantle is of Archean
age. This has also been inferred by isotopic measurements of
lithospheric mantle xenoliths (Handler e al. 2021, this vol-
ume; Martin et al. 2021, this volume). The thickest crust is
located along the East Antarctic subglacial mountain range
(c. 60 km in thickness close to Dome A: An et al. 2015a,
figs 1 & 6). Furthermore, in a second paper, An et al.
(2015b) determined the depth of the lithosphere—astheno-
sphere boundary (LAB). They found East Antarctica to have
a ‘thick lithosphere similar to other stable cratons’ (up to
250 km between Dome A and C) (An et al. 2015b, p. 8720),
while West Antarctic comprises thin crust and lithosphere
‘similar to ... modern subduction-related rift systems’ (An
etal. 2015b, p. 8720). These findings were partially confirmed
by Lloyd et al. (2020), but were also readjusted to come up
with a more detailed picture. In a comprehensive study,
Lloyd et al. (2020) used adjoint tomography along with data
of more than 300 broadband seismometers in Antarctica to
image the structure beneath Antarctica, especially the upper
mantle and transition zone. In East Antarctica, they found
fast shear-wave speed anomalies that mirror ‘cold thick litho-
spheric roots that are characteristic of cratons and Proterozoic
fold belts’ (Lloyd et al. 2020, p. 20). However, thicker litho-
sphere is suggested only for the interior of East Antarctica,
while thinner lithosphere is inferred along the coast, and
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Fig. 6. Vertical deformation rates inferred for selected permanent and campaign GNSS sites in Antarctica (according to Riilke e al. 2015, table 1). The GNSS
results were corrected for the present-day elastic uplift. In the background, vertical deformation rates are plotted as predicted by respective GIA models: (left)

1JO5_R2 (Ivins et al. 2013); (right) W12a (Whitehouse et al. 2012).
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along the sector from western Dronning Maud Land to
Enderby and Kemp Land and the Lambert Graben in particular
there is a ‘much greater variability in lithospheric thickness’
(Lloyd et al. 2020, p. 20) that may extend for several hundred
kilometres inland.

However, many results and hypotheses are still inconsistent
or partly contradictory (see Pappa and Ebbing 2021, this vol-
ume; Wiens et al. 2021, this volume). Gravity data take a more
prominent role to estimate crustal thickness and LAB because
of the sparse seismic data coverage (Pappa and Ebbing 2021,
this volume). Further details on these issues can be found in
this Memoir (e.g. Martin et al. 2021; Ivins et al. 2021;
Wiens et al. 2021, all this volume). It should be noted that
the different methods do not yield the same lithosphere or
effective elastic thickness. In seismic studies the LAB is
often based on a temperature boundary, whereas for GIA it
is based on a transition from elastic to viscous behaviour
(e.g. see Nield er al. 2018). Steinberger and Becker (2018)
concluded that compositional variations in the mantle occur
mainly in the upper 150 km. Their model yields lithospheric
thickness of up to 250 km for cratons. Effective elastic litho-
sphere thickness is ‘typically about a factor two lower’ (Stein-
berger and Becker 2018, p. 337).

Although it has been argued for a long time that the Antarc-
tic continent is composed of two distinct and contrasting geo-
logical provinces (e.g. Adie 1962), it is timely to step back
from a uniform picture of one ‘East Antarctic unit’ (Mieth
and Jokat 2014; Jacobs et al. 2015; Foley et al. 2021, this vol-
ume), which is also reflected by the findings of Lloyd er al.
(2020) (see above).

A further aspect not fully explored yet is the interlinkage
between the timescale of the load application and the time-
dependent rheological properties of the Earth that govern the
deformation response. This is reflected in the following dis-
cussion: on the one hand, even at such short timescales as
those of semi-diurnal and diurnal Earth tides, effects such as
anelasticity are significant and, thus, lead to a deviation from
a pure elastic response. Bos et al. (2015) explained the dis-
crepancy between GNSS-observed M, tidal loading signal
and its prediction using ocean tide loading models based on
the isotropic PREM (Dziewonski and Anderson 1981) by
accounting for the elastic properties of the upper mantle and
an anelastic dispersion in the asthenosphere. Bos er al.
(2015) assumed that dissipation, which is responsible for a
reduction in shear modulus, was taking place in an absorption
band from seismic up to tidal wavelengths. Ivins ez al. (2020)
emphasized that in the transition from seismic to tidal and even
longer wavelengths (up to a typical Maxwell time of c¢. 100
years) deformation has to be explained by taking anelasticity
into account and the transition to transient and finally steady-
state creep. The latter statement applies, on the other hand, to
the problem of timescales for which ‘present-day’ ice-mass
change can be regarded in the elastic framework only. Geo-
detic GNSS observations in Antarctica cover time periods of
more than 25 years (see above), long enough to see the viscous
effects due to loading (Nield er al. 2014). Ivins et al. (2020)
discussed how crustal motion induced by glacial loading and
unloading on decadal timescales is governed by mantle prop-
erties and has to be explained by viscoelastic response.

Thus, it becomes clear that geodetic GNSS observations
provide a powerful tool to test rheological properties of the
mantle and timescale dependency of the deformation. How-
ever, the challenge is to identify those locations on Earth
that can serve as a suitable environment for natural experi-
ments. All available processes should be explored such as
ocean tidal loading (Bos et al. 2015) and body tide deforma-
tion (Kang et al. 2015) or immediate or catastrophic load
changes (e.g. Marderwald ef al. 2020). One may also focus
on regions with fast-retreating glaciers or accelerated mass

loss where the elastic response (in the ‘classical sense’, as
described above) makes up more than half of the total
observed deformation, as in the case of southern Patagonia
(Lange et al. 2014) or (parts of) the Greenland ice sheet
(Bevis et al. 2012, 2019; Nielsen et al. 2013). The insights
from such experiments have to be transferred to the case of
Antarctica in order to investigate their capability to separate
and better explain the different effects and timescales of
ice-load-driven solid Earth deformation.

Results of geodetic GNSS observations: deformation of the
Earth’s crust due to GIA

In the framework of the SCAR Epoch Crustal Movement
Campaigns Antarctic-wide consistent reanalyses of all data
together with IGS data were performed in 2008 and 2015 (Die-
trich and Riilke 2008; Riilke er al. 2008, 2015). The
GNSS-inferred coordinate change rates were corrected for
the immediate elastic effect (see the discussion above), and
the residual GNSS rates were taken as a ground-truth observa-
tion of GIA. However, the residual vertical uplift rates in par-
ticular exhibit large differences to the modelled GIA rates
according to recent GIA models (Whitehouse et al. 2012;
Ivins ef al. 2013) (see Fig. 6). These findings are generally
confirmed by investigations by King et al. (2010), Argus
etal. (2011) and Thomas et al. (2011). Even if GNSS-inferred
deformation rates (especially vertical rates) were used to con-
strain the modelling of GIA in Antarctica, as in the cases of
1JO5_R2 (Ivins et al. 2013), ICE6G_C (VM5a) (Argus et al.
2014), W12a (Whitehouse er al. 2012) and Caron et al.
(2018), the scatter between the models and the misfit of mod-
elled rates to GNSS-inferred rates are still substantial. Data—
model misfit reaches more than 10 mm a™' in the Amundsen
Sea Embayment and several millimetres per year in East
Antarctica (see also Martin-Espaiol et al. 2016a), which are
comparable to or larger than errors in GNSS-derived trends
of 34 mma~" in the Amundsen Sea sector (Martin-Espafiol
et al. 2016b).

Several regional investigations should be highlighted.
Bevis et al. (2009) presented the first results of the West Ant-
arctic GPS Network (WAGN), which consisted of campaign-
style and partly continuous observations. Later, all WAGN
sites were upgraded to continuously recording GNSS to
form part of the POLENET/ANET project. Bevis er al.
(2009) found that the GIA models used for comparison over-
predicted vertical uplift rates. Zanutta et al. (2017, 2018) pre-
sented results of a long-term study in North Victoria Land
where relatively low uplift rates confirm GIA model predic-
tions but are also subject to tectonic effects. However, the
effect of two main tectonic lineaments can only be seen in
residual horizontal velocities.

Relatively large uplift rates of more than 10 mm a~" were
measured in the Antarctic Peninsula region. Nield ef al.
(2012, 2014) used GNSS data from stations that had mostly
been installed since 2009. They carried out viscoelastic mod-
elling to explain the non-linearity in the GNSS time series in
the Antarctic Peninsula, and found a combination of elastic
and viscoelastic responses fitted the observations. For this,
the upper-mantle viscosity had to be constrained to relatively
low values (of the order of 10'8 Pa s). Low viscosity is one of
the main findings of the GNSS measurements. However, sev-
eral questions remain open relating, for example, to the effec-
tive elastic thickness of the lithosphere and the range of
upper-mantle viscosities (see above). Nield et al. (2014)
even questioned the validity of (linear) Maxwell rheology
(which has been widely used as a standard rheology in GIA
modelling). Thus, Nield et al. (2018) investigated the impact
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of a laterally varying elastic lithospheric thickness in contrast
to power-law rheology allowing a viscous lithosphere. Here,
the upper-mantle viscosity was not as low as applied by
Nield er al. (2014). The latter model leads to larger uplift
amplitudes and shorter wavelengths, which may be important
in better capturing GNSS-inferred deformation that exhibits
steeper gradients such as in West Antarctica. Wolstencroft
et al. (2015) investigated GNSS observations to constrain
GIA modelling in the southern Antarctic Peninsula. They
localized the largest misfit in the SW Weddell Sea.

The largest uplift rates in Antarctica were measured in the
Amundsen Sea sector at the continuously recording ANET
sites (Barletta et al. 2018), as well as at GNSS epoch sites of
TU Dresden (Groh et al. 2012, 2014). Including observations
of the latest field campaign in early 2017, the TU Dresden
group found uplift rates, corrected for the instantaneous elastic
effect, of several centimetres per year up to about 4.5 cm a~'
(Busch et al. 2017). These results are largely underpredicted
by the present GIA models. In their regional GIA model
refinement, Barletta e al. (2018) concluded on a weak shallow
upper mantle (from lithospheric base down to 200 km depth)
with a viscosity of 4 x 10'® Pas, a stiffer and deeper upper
mantle (200-400 km) of 1.6 x 10" Pas, and a transition
zone (400-670 km) of 2.5 x 10" Pas. To overcome limita-
tions in the Maxwell model, the GNSS-inferred velocities in
the Amundsen Sea sector could potentially form useful con-
straints on viscosity estimates based on seismic anomalies
and creep experiments (Ivins et al. this volume; Ivins et al.
2020, 2021, this volume). Ivins et al. (2020) proposed to uti-
lize the extended Burgers model (EBM) in GIA modelling.
The EBM might explain rapid uplift even on short timescales
such as decades, and enhances GIA uplift predicted by the
(classical) Maxwell model by a factor of up to 2.5 (Ivins
et al. 2020). This attention to shorter timescales has brought
to the forefront the largest uncertainty in the modelling,
namely the unknown ice history over the last centuries. This
problem plays a smaller role in East Antarctica, where viscos-
ity is higher and recent loading does not affect present-day
uplift rates as many rates observed in East Antarctica are gen-
erally smaller (a few millimetres per year) showing small
uplift or even subsidence near the coast. The misfit to GIA
model predictions, however, can still be of the same order
(Riilke et al. 2015) (Fig. 6) at some sites near the coast.

As already stated above (Nield et al. 2014), one may inves-
tigate non-linear relations between stress and strain rates in
contrast to the treatment of the mantle as a Newtonian fluid.
This leads to power-law creep equations, where the strain
rate varies with time even under constant stress. More impor-
tant is the fact that mantle viscosity varies with stress (or strain
rate). Non-Newtonian flow behaviour has been found to be
common in silicate polycrystals even at low stresses but
high temperature (Ranalli 1995). However, it is difficult to
use GNSS observations to constrain a more realistic (i.e.
3D) mantle rheology together with an ice-history model not
starting from an a priori (1D) mantle viscosity profile (van
der Wal et al. 2013). Taking into account the results of labo-
ratory experiments on olivine, the most prominent constituent
of the mantle, van der Wal ez al. (2013) inferred diffusion and
dislocation creep flow laws where the latter leads to non-
Newtonian flow. However, they stated a difficulty in fitting
GNSS uplift rates and sea-level data simultaneously, which
may be due to uncertainties in the inferred flow law or not con-
sidering mantle minerals other than olivine (van der Wal et al.
2013). van der Wal et al. (2015) extended this study to the case
of Antarctica, acknowledging that seismic studies inferred
large viscosity variations in the Antarctic mantle. As applied
elsewhere (e.g. Fennoscandia), a finite-element model was
extended to also include power-law creep. Global GIA models
(ICE-5G: Peltier 2004; W12a: Whitehouse ef al. 2012) were

‘tuned to fit constraints in the northern hemisphere’ (van der
Wal et al. 2015, p. 134) and, thereafter, compared to GNSS
uplift rates taken from Argus et al. (2014). It could be
shown that the models incorporating a 3D Earth structure
and composite rheology give smaller misfits between
observed and predicted uplift rates, both for W12a and for
ICE-5G. Even so, introducing GNSS uplift rates as the only
constraints cannot explain to what extent larger variations in
the Earth structure beneath Antarctica exist that would cer-
tainly increase the influence of 3D rheology (van der Wal
et al. 2015). However, the impact of modelling 3D rheology
leads to variations in mass-balance estimates of the Antarctic
ice sheet that are larger than the measurement error.

Thus, improved results can be expected when longer GNSS
observation sets become available. The interior of East Ant-
arctica lacks bedrock for realizing GNSS observations; in
this case, a combination of measurement techniques may
help to constrain GIA models, as will be detailed in the
‘Results on mantle-related processes from geodetic data com-
bination’ section later in this chapter.

Temporal gravity field variations from satellite
gravimetry

Temporal gravity can be measured with terrestrial instruments
or with satellites. Although temporal variations have been
measured from orbit variations for decades (e.g. Cheng et al.
1989), the accurate inter-satellite ranging measurements of
the GRACE mission led to a breakthrough in observing
mass changes. The GRACE mission is based on inter-satellite
microwave ranging, whereby the distance between two satel-
lites that follow each other is measured precisely. The mission
operated between 2002 and 2017, and provides a monthly
snapshot of the Earth’s gravity field (e.g. Tapley et al. 2004;
Wouters et al. 2014). A year after the end of this mission
the GRACE-FO mission was launched. The mission aimed
for a continuation of the time series, but also carries a novel
laser instrument for inter-satellite ranging that has a higher
accuracy (Koch et al. 2018). The first results showed that
the accuracy of the GRACE-FO data was comparable to that
of the GRACE data (Landerer ef al. 2020). However, an accel-
erometer on one of the satellites had to be switched off, which
means that some of the non-gravitational forces cannot be
measured accurately. By transferring the accelerations from
the leading satellite to the follower, the non-gravitational
forces were mitigated. Currently, there is no indication of a
bias between the time series of the two missions (Landerer
et al. 2020), and a time series of mass-balance estimates in
Antarctica between both missions appears to be consistent
(Velicogna et al. 2020).

Three official GRACE science centres currently provide
monthly spherical harmonic solutions, so-called level-2 data,
with two versions being offered up to maximum spherical
harmonic degree and order 60 and degree 96. The spatial res-
olutions corresponding to a certain maximum spherical har-
monic degree L can be approximated by zRg/L where Rg is
the mean radius of the Earth. The resolution is limited by
the fact that the GRACE and GRACE-FO satellites fly at an
altitude of around 500 km, which dampens the gravity signal
compared to airborne or terrestrial sensors. The resolution
also depends on measurement errors and errors of the applied
correction models, which are briefly addressed below. As a
result, with the GRACE/GRACE-FO time series one can
identify mass-change processes that vary on a timescale of
30 days or more with a spatial resolution of approximately
200-300 km.
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Spherical harmonic coefficients of the gravity field form the
standard gravity-field products (level-2 data). The satellite gra-
vimetry science product line is set-up in such a way that a user
can always undo corrections to go back to an earlier state in the
product chain. Important corrections include so-called
de-aliasing models for removing temporal gravity signals
that originate from non-tidal atmospheric and oceanic mass
variations with timescales shorter than the 30 days production
scheme. The de-aliasing products are based on a numerical
weather prediction model and ocean bottom pressure output
from a global ocean circulation model (Dobslaw er al.
2017). Uncertainties in the de-aliasing models still contribute
a significant part of the GRACE measurement error (Kvas and
Mayer-Giirr 2019). GRACE/GRACE FO measurements of
very-long-wavelength signals are less accurate. Therefore,
the C, coefficient is usually replaced by a solution from sat-
ellite laser ranging (Dahle 2020). The same holds for the C3q
coefficient, which also influences the Antarctic mass balance
(Loomis et al. 2019; Velicogna et al. 2020).

The error in the GRACE data comprises sensor errors and
errors of the correction models. Because of the sampling of
the GRACE mission along a polar ground track, these form
a characteristic pattern of north—south-orientated bands or
stripes (Swenson and Wahr 2006). Because of undersampling
of the high-frequency geophysical signal, errors in the correc-
tion models end up in the Earth’s flattening term (C,) and
other low degree and order terms, but also spherical harmonic
order around 15 and multiples thereof. This finally results in
the equivalent water-height product being affected by aliasing
with periods of 100 days up to several years (Seo ez al. 2008).
Part of the north—south-orientated errors can also be under-
stood as the interaction of the shifting ground-track pattern
with the low-frequency quasi-periodic gravitational signal
(Peidou and Pagiatakis 2020).

As aresult of this complex interplay of measurement errors,
correction models and sampling, it has proven difficult to pro-
vide an accurate statistical description of the errors. The north—
south error signal is a result of correlation in the data, but off-
diagonal terms in the full covariance matrices did not provide
corresponding information (Wahr et al. 2006). Therefore,
most studies used the standard deviation of least-squares resid-
uals as a proxy for the error (e.g. Chen er al. 2006; Velicogna
and Wahr 2006). However, autocorrelation can result in an
underestimation of the error by a factor of 2 or more (Horwath
and Dietrich 2009; Williams er al. 2014). Because of the errors
mentioned above, filtering is generally applied. Filters follow
different approaches: (i) smoothing the short-wavelength with
weights derived from a Gaussian function (e.g. Velicogna and
Wahr 2006); (ii) applying an anisotropic filter such as by
Kusche et al. (2009); (iii) applying statistical tests to spherical
harmonic coefficients (Sasgen et al. 2007); or (iv) separating
signals by empirical orthogonal function analysis (King
et al. 2012). Because the exact noise properties are unknown,
it is difficult to optimize the filter settings. However, the GIA
signal is mostly linear across the measurement period, which
means that the strength of the signal increases in an estimation
of the trend. Less additional filtering is necessary as a result,
with recent studies using a 250 km half-width of the filter
(Velicogna et al. 2020), which results in higher-resolution
mass-change estimates (Velicogna et al. 2020), whereas ear-
lier results used a half-width of 800 km (Chen er al. 2006).
This also reflects improvements in the background model cor-
rections that reduce the noise at smaller spatial wavelengths.

An improvement in resolution was also demonstrated by
using data from the GOCE (Gravity field and steady-state
Ocean Circulation Explorer) satellite mission. This satellite
carried a gradiometer that accurately measures the accelera-
tions between proof masses levitating inside the satellite.
The mission was designed for accurate measurement of the

static gravity field. Its measurements were not very sensitive
to gravity changes in the spatial scale of the ice-mass change.
Combined with a relatively short lifetime of 3 years, GOCE
was not expected to contribute to time-variable gravity esti-
mates. However, a combination of GOCE and GRACE
improved the spatial resolution of the mass changes in the
Amundsen Sea sector (Bouman ez al. 2014). Further improve-
ment in resolution is possible by terrestrial gravity measure-
ments. Terrestrial measurements of time-variable gravity can
observe solid-Earth processes such as volcano inflation,
solid Earth tides, slow slip events, GIA or co- and post-seismic
signals (Van Camp et al. 2017). Instruments can be divided
into absolute gravimeters that measure the absolute value of
gravity and relative gravimeters that measure gravity differ-
ences with respect to a reference point or acquire time series.
In Antarctica, absolute measurements were realized at several
sites (Mikinen et al. 2007). The measurements are sensitive to
the uplift resulting from GIA, but the analysis of 5 years of
data acquired at Syowa showed that the GIA signal is still
obscured by changes in atmospheric mass and snow changes
(Aoyama et al. 2016). Therefore, observations of solid Earth
mass changes in Antarctica mostly rely on data from the
GRACE and GRACE-FO mission.

Spherical harmonic coefficient sets provided by the
GRACE data-processing centres can be synthesized to pro-
duce gravity changes on a map, or can be transformed to
changes in equivalent water-layer thickness, which assumes
that all gravity change originates from a layer of water at the
Earth’s surface. Water-layer-thickness changes are also pro-
vided by GRACE processing centres and other institutes as
so-called level-3 products. Mascons provide an alternative to
spherical harmonic solutions, which are based on regional
mass concentrations obtained from a direct inversion of the
inter-satellite distances for predefined regions on the Earth
(Loomis et al. 2019). The mascon technique can also be
applied to the spherical harmonic coefficients. This is docu-
mented, for instance, by Schrama er al. (2014), where it is
used to obtain ice-mass-change estimates for basins in Antarc-
tica. Leakage forms one of the potential error sources in
surface-mass-change estimates, based either on synthesized
equivalent water-layer grids or on mascons. Leakage refers
to errors in the spatial attribution of mass changes associated
with observed gravity field changes (Swenson and Wahr
2002; Horwath and Dietrich 2009). Different strategies for
mitigating or correcting leakage effects have been developed
based on a priori information on the signal location, patterns
or covariance (e.g. King et al. 2012; Landerer and Swenson
2012; Harig and Simons 2015). Mascon approaches particu-
larly lend themselves to incorporating such information
(Wiese et al. 2016; Loomis et al. 2019).

Most of the global signals in GRACE level-2 data originate
from changes in water storage. However, solid Earth signals
are also visible, the main ones being GIA (e.g. Tamisiea
et al. 2007), co-seismic signals and post-seismic signals
(e.g. Chen et al. 2007; Han et al. 2016). Time-variable gravity
from other mantle-flow processes is currently at the edge of
detection of the GRACE mission (Ghelichkhan et al. 2018).
In large parts of Antarctica, the increasing gravity signal is
dominantly due to GIA. Post-seismic relaxation could poten-
tially form a significant signal if it is also detected in GNSS
data (King and Santamaria-Gémez 2016; Barletta et al.
2022, this volume). Ice-mass changes form a loading effect
to which the solid Earth responds, but this can be taken into
account by elastic effect only as described in the ‘Geodetic
GNSS measurements to constrain the modelling of ice-
induced Earth deformation’ section. Because the gravitational
effect due to deformation is much smaller than the mass
change itself, the elastic effect is also smaller than in GNSS
uplift rates. It can be satisfactorily modelled by using Green
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functions based on a reference Earth model (see the section on
‘Geodetic GNSS measurements to constrain the modelling of
ice-induced Earth deformation’).

The difficulty in interpreting gravity data is that it also con-
tains other signals, so that corrections are required to be able to
discern the signals of interest, even after the de-aliasing mod-
els. In Antarctica, the main signal of interest is the ice-mass
loss in West Antarctica and parts of East Antarctica. There-
fore, the solid Earth signal due to GIA is corrected for by sub-
tracting gravity changes predicted from numerical models
from the GRACE data (e.g. Velicogna and Wahr 2006; Ivins
et al. 2013; Sasgen et al. 2013). An ensemble of forward
GIA models was used to quantify uncertainty yielding error
bars larger than the signal (Barletta ez al. 2008). More realistic
estimates can be obtained by using constraints on the GIA pro-
cess in Antarctica such as ice margins and sea-level data in a
Bayesian approach (Caron et al. 2018). This yields standard
deviations of 10 mm a™' water equivalent in large parts of
West Antarctica and coastal areas in East Antarctica, com-
pared to a maximum signal in West Antarctica of 160 mm a™"
(Ivins et al. 2013). It is important to realize that both GIA and
satellite gravimetry are global in nature, and GIA outside Ant-
arctica contributes to the mass changes signal within Antarc-
tica. This effect is estimated to be between 17 and 42 Gt a™'
(Caron and Ivins 2020), which is significant compared to 160
Gt a~" attributed to ice-mass loss over the period 1992-2017
(Shepherd et al. 2018).

Another approach to address signal separation is to combine
GRACE data with complementary data, as will be discussed in
the next section. Furthermore, a separation in the time domain
is possible. The GIA signal is linear over the timescale of the
GRACE mission; therefore, the acceleration signal will not be
affected by the GIA (Velicogna 2009). An exception may be
seen in areas where the viscosity is so low that the GIA process
can contribute to an acceleration over a short time period (Bar-
letta et al. 2022, this volume).

The Ice Sheet Mass Balance Inter-comparison Exercise
(IMBIE) is aimed at summarizing the ice-sheet mass balance
for Greenland and Antarctica (Shepherd er al. 2018, 2020).
In both papers the GIA signal is reduced from observations
using GIA models. As noted before, the uncertainty in the
GIA correction is significant, and depends on the knowledge
of past ice thickness and rheology. The largest uncertainty is
due to the unknown ice thickness. This is reflected in the
results presented by, for instance, Schrama et al. (2014),
who discussed mass changes for the Antarctic ice sheet
between 2003 and 2013 based on GIA models adopting
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different ice histories. They found the Antarctic ice-mass
balance using GIA models (at this time new) IJO5_R2
(Ivins et al. 2013) and W12a (Whitehouse et al. 2012) to
be half that inferred using the ICE-5G-based models (Peltier
2004).

Figure 7 (see also Shepherd er al. 2018) shows the mass
change of the Antarctic ice sheet including subdomains
based on a number of techniques including spaceborne gra-
vimetry. The gravimetric estimates are in turn based on a vari-
ety of contributions to IMBIE where different processing
approaches were applied based on the options mentioned
above. It was found that the total melt of land ice between
1992 and 2017 contributed 7.6 =3.9 mm to sea-level rise.
The GIA correction in East Antarctica suffers from a poor
availability of constraints. In other regions, the high uplift
rates observed by GNSS are not captured in the GIA models
used in the IMBIE study, as these did not include ice-thickness
changes more recent than the last few hundred years. An
improvement on the latter aspect is the use of GIA models,
which represent the regional properties of the solid Earth
(e.g. Barletta et al. 2018). However, information on last mil-
lennial ice-sheet thickness necessary for such modelling is
not available continent-wide. Models that consider variations
in viscosity already exist (Geruo A. et al. 2013; van der Wal
etal. 2015; Gomez et al. 2018), but the uncertainty in viscosity
derived from seismic information is still large (Ivins et al.
2021, this volume).

Results on mantle-related processes from a combination
of geodetic data

Traditionally, GIA is modelled using two key inputs: ice-
loading history; and a model of solid Earth properties and
structure (Barletta er al. 2022, this volume). GIA rates mod-
elled in this way are called forward-modelled GIA. An alterna-
tive way to derive GIA is through combining different
geodetic observational techniques, such as gravimetry (‘Tem-
poral gravity field variations from satellite gravimetry’ sec-
tion), altimetry and/or GNSS displacements (sse the
introduction). In Antarctica, the satellite gravity missions
GRACE and GRACE-FO observe a superposition of signals
mostly originating from two different sources: mass variations
within the surface layer; and GIA-induced mass variations
(‘“Temporal gravity field variations from satellite gravimetry’
section). The surface layer contains variations of ice and

Fig. 7. Cumulative mass change of
the Antarctic ice sheet, separated in
West and East Antarctica, Antarctic
Peninsula and the entire ice sheet,
including 1o error bars (unit:
Gigaton). The figure is based on the
data published by Shepherd et al.
(2018) and https: //www.imbie.org
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firn, whereby the term ‘firn’ is used to describe all associated
processes such as snowfall, melt and firn compaction (Ligten-
berg et al. 2011). The variations within the surface layer will
usually be and hereafter termed ‘ice-mass changes’. GRACE
and GRACE-FO have a different sensitivity to ice-mass
changes than to GIA-induced mass changes due to the large
differences of the corresponding densities (‘Geodetic GNSS
measurements to constrain the modelling of ice-induced
Earth deformation’ section).

In contrast to mass changes measured by gravimetry mis-
sions, altimeters track height changes at high spatial resolu-
tion. Height changes associated with surface processes are
typically much larger than those caused by GIA. Thus, they
are more easily detectable by altimeters due to a better sig-
nal/noise ratio. However, the altimetry signal contains the
height changes related to both GIA and surface processes.

Dedicated ice radar satellite altimetry missions include
Envisat (2002-12) or CryoSat-2 (2010-), and the laser altim-
etry missions ICESat (2003—09) and ICESat-2 (2018-). Radar
altimeters provide the longest observational record of these
two types. They are not sensitive to clouds (as is the case for
laser altimeters) and, therefore, can measure under all atmo-
spheric conditions. However, they have difficulties in regions
of large surface slopes (Brenner et al. 2007). Furthermore,
since the radar signal penetrates snow, an accurate model for
surface penetration is required. When converting altimetry
height changes into mass changes, both radar and laser altim-
etry data should be first corrected for firn compaction because
the corresponding height changes are not associated with a
mass change. In addition, this conversion requires assump-
tions about the density of snow and ice, which represents
the largest source of uncertainty when using altimetry data
for deriving mass changes. The processing of input data for
a regional inversion of geodetic observations in Antarctica is
discussed in detail in Sasgen et al. (2018). In the summer of
2020, a so-called CryoSat-2/ICESat-2 (CRYO2ICE) reso-
nance campaign took place to improve the accuracy of ice-
sheet elevation time series, in which both satellites are almost
simultaneously passing the same areas providing, for the first
time, radar and laser measurements of the same geophysical
condition  (https://earth.esa.int/eogateway /missions/cryo
sat/cryo2ice).

As discussed in the ‘Geodetic GNSS measurements to con-
strain the modelling of ice-induced Earth deformation’ sec-
tion, GNSS observations represent a valuable constraint on
GIA. However, they need to be corrected for elastic deforma-
tion (see ‘Geodetic GNSS measurements to constrain the mod-
elling of ice-induced Earth deformation’). Thus, for the
computation of the elastic signal, an accurate knowledge of
ice-mass changes with high spatial and temporal resolution
is required. In addition, when using GNSS to constrain GIA,
one has to keep in mind the fact that GNSS-inferred site veloc-
ities usually refer to CM (see the subsection ‘Reference frame,
technique-related issues and accuracy issues’) and, therefore,
contain global GIA. This means that the GNSS signal over
the Antarctic ice sheet contains: (i) Antarctic GIA; (ii) Antarc-
tic elastic deformation; and (iii) long-wavelength signal from
non-Antarctic sources, which are mostly driven by GIA in the
northern hemisphere (Caron and Ivins 2020).

The GIA-derived rates based on observations are labelled
‘empirical’ to guarantee a clear separation from the forward-
modelled GIA rates. Sometimes, empirically derived GIA
rates are also called ‘inverse’ (Martin-Espafiol e al. 2016a).
The methods developed to assess Antarctic GIA can be
arranged in four categories:

1. Forward modelling of GIA based on ice-load history and
assumed properties and structure of the solid Earth (e.g.
Peltier 2004; Ivins and James 2005).

2. Forward modelling of GIA while constraining it using
geodetic observations such as GNSS (e.g. Nield et al.
2014, 2016; Barletta et al. 2018) or GRACE and GPS
(Sasgen et al. 2013).

3. Estimating GIA empirically using complementary geo-
detic observations while constraining it using forward
models. For this, Schoen et al. (2015), Zammit-Mangion
et al. (2015) and Martin-Espanol et al. (2016b) used a
hierarchical Bayesian framework. Sasgen et al. (2017)
extended their approach by including local viscoelastic
response functions (Barletta et al. 2022, this volume) to
account for lateral variations in the Earth structure.

4. Estimating empirical GIA from complementary geodetic
observations independent of a priori assumptions about
the Earth’s viscosity structure and ice-loading history
(e.g. Riva et al. 2009; Gunter et al. 2014; Engels et al.
2018; Willen et al. 2020).

Independence is a very important aspect as it allows forward-
modelled and empirically derived GIA to be validated, provid-
ing insights into the underlying geophysics. Therefore, in this
section, the main emphasis will be put on the fourth category.
The first and second categories are discussed in the chapter by
(Barletta et al. 2022, this volume). It is important to mention
here that GIA encompasses a range of observables including
solid Earth deformation and deformation of the shape of the
geoid. In the following, unless stated otherwise, the rates of
surface deformation associated with GIA will be discussed.

The concept of deriving the empirical GIA was first intro-
duced by Wahr er al. (2000). Prior to the launch of the
GRACE and ICESat satellite missions, Wahr ez al. (2000) sug-
gested a combined approach based on simulated altimetry and
gravimetry data to simultaneously solve for GIA and ice-mass
changes. Velicogna and Wahr (2002) extended this approach
by additionally considering simulated continuous GNSS
observations to account for time-varying density within the
surface layer. However, the first real data implementation
was performed by Riva et al. (2009) for the whole Antarctic
ice sheet based on 5 years of ICESat and GRACE data.
Their results demonstrated that GIA (Fig. 8a) and surface pro-
cesses could indeed be separated by combining the two com-
plementary geodetic observations.

Following Riva et al. (2009), Groh et al. (2012) focused
their research on the Amundsen Sea sector in West Antarctica
for which they derived GIA and ice-mass changes for the
6 year observation period utilizing GRACE and ICESat obser-
vations. Their results suggested a strong viscoelastic uplift
confirmed (at that time) by only two seasonal GNSS cam-
paigns at three sites located in this region.

In the time since the work by Riva ef al. (2009), additional
data from a regional atmospheric climate model (RACMO)
were made available to the scientific community. Two prod-
ucts of the RACMO are usually utilized: the firn densification
model (FDM: Ligtenberg et al. 2011) and the surface mass
balance (SMB: Lenaerts ef al. 2012), which describe temporal
processes within the firn layer in terms of height and mass
changes, respectively. Both the SMB and FDM temporal var-
iations are inherently linked. To improve the methodology
of Riva et al. (2009), Gunter et al. (2014) incorporated the
information provided by RACMO into the gravimetry/altim-
etry combination approach. After establishing a calibration
approach of the empirically estimated results to a low-
precipitation zone in East Antarctica, their derived GIA con-
sistently outperformed forward-modelled results when com-
pared to GNSS displacements, as was shown by Gunter
et al. (2014) and Wolstencroft er al. (2015). Moreover, the
high GIA uplift rates in the Amundsen Sea sector that were
first suggested by Groh et al. (2012) could be confirmed and
its spatial pattern could be demonstrated (Fig. 8b). Gunter
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Fig. 8. GIA derived from: (a) Riva et al. (2009) using the gravimetry—altimetry combination approach; (b) Gunter ez al. (2014), who additionally incorporated
variations within the firn layer using climate data from RACMO and found strong uplift in the Amundsen Sea sector; and (¢) Engels et al. (2018), who
improved the combination approach to achieve high spatial resolution of the estimated signals.

et al. (2014) suggested that the disagreement between
forward-modelled and empirically derived GIA rates in this
region could be caused by the fact that the forward GIA mod-
els do not typically consider ice-load changes over the last
1000 years, which may, however, be a significant signal.

After allowing the spatial GIA length scale to vary from
500 km over West Antarctica and linearly increasing up to
1700 km over East Antarctica, as opposed to using a fixed
GIA length scale by Schoen et al. (2015), Martin-Espaiiol
et al. (2016b) also derived a strong GIA signal in the Amund-
sen Sea sector. Considering the weak Earth structure in the
determination of utilized viscoelastic response functions, Sas-
gen et al. (2017) concluded that the large uplift in the Amund-
sen Sea sector is likely to have been caused by a rapid
viscoelastic response to more recent ice retreat and thinning.
A statistically significant purely data-driven strong GIA uplift
was also retrieved by Engels ez al. (2018). They suggested an
approach that simultaneously (i) removes the correlated noise
in gravity data (see the ‘Geodetic GNSS measurements to
constrain the modelling of ice-induced Earth deformation’
section) and (ii) consistently combines them with high-resolu-
tion data from the altimetry—RACMO combination, yielding
high spatial resolution of the empirically estimated GIA
(Fig. 8c) and ice-mass change signals.

Empirical GIA models for Antarctica do not contain all
long-wavelength signals from GIA or loading outside Antarc-
tica. Global inversions can provide useful constraints provid-
ing a robust long-wavelength GIA signal as well as a regional
GIA signal, albeit with lower accuracy. Such global inversion
requires additional constraints. Over the ocean, researchers
use ocean bottom pressure from ocean models (e.g. Wu
et al. 2010) or sea-level observations from radar altimetry
(Rietbroek et al. 2016) as additional input. Recently Jiang
et al. (2021) obtained a global inverse GIA model with a
rate of change of C,, that matched that of the GIA models
and estimates from satellite laser ranging, while at the same
time showing the enhanced GIA signal in areas of low viscos-
ity such as the Amundsen Sea sector.

Recent GIA models that consider late Holocene ice-mass
changes support the large GIA-induced uplift in the Amund-
sen Sea sector, which is known for its relatively thin litho-
sphere and low mantle viscosity (Nield et al. 2016; Barletta
et al. 2018; Gomez et al. 2018). According to Barletta et al.
(2018), who used GNSS observations to constrain mantle vis-
cosity, the forward-modelled GIA-induced mass changes over
that region for the GRACE time period range between 13.5
and 19.4 Gta™'. The empirical estimate by Engels er al.

(2018) of 17.8 0.7 Gt a~', which is completely independent
of GNSS uplift rates used by Barletta et al. (2018), compares
very well with the forward-modelled GIA. It is remarkable that
empirically estimated and forward-modelled GIA solutions
start to converge in this region, which is very important in
light of current discussions regarding the stability of the Ant-
arctic ice sheet and its contribution to sea-level rise (Engels
et al. 2018; Larour et al. 2019).

The low mantle viscosity over the Amundsen Sea sector not
only yields a localized GIA signal but also shortens the GIA
response timescale from a century to decades. The GIA
response is even predicted to accelerate with time, potentially
preventing the complete collapse of the West Antarctic ice
sheet (Barletta er al. 2018). The high empirical and forward-
modelled GIA uplift rates in the Amundsen Sea sector provide
arguments for a much more dynamic Antarctic ice sheet and,
thus, questioning the assumption of a linear GIA signal that
has been made in all earlier studies. Evidence of a time-
variable GIA trend is also found in regions outside Antarctica,
for instance when analysing geodetic observations in SE
Alaska from 1992 to 2012 (Hu and Freymueller 2019). How-
ever, the open question is whether the non-linear GIA signal
modelled by Barletta er al. (2018) in West Antarctica can be
verified over a time period longer than a decade using a purely
data-driven approach. For this, Willen et al. (2020) have
undertaken a first attempt towards deriving monthly GIA-
induced mass changes.

Summary and future research directions

Accurate geodetic data can constrain the uplift rate and the
mass-change rate from mantle processes in Antarctica. Despite
the logistical difficulty, GNSS observations have been col-
lected since the 1990s. Satellite techniques provide the largest
share of observations because they cover the entire continent
apart from a small cap around the South Pole due to the incli-
nation of the respective missions. Radar altimetry comprises
the longest time period of the geodetic missions. However,
altimetric height changes mainly reflect the change in ice
thickness, while the GIA component in the height change is
at least one order of magnitude smaller. Therefore, this chapter
focused on GNSS and satellite gravimetry. However, altime-
try plays an important role in untangling the ice-mass change
signal in satellite gravimetry, and empirical GIA models can
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be seen as an independent product that can constrain the mod-
elling of GIA.

GNSS measurements were started by campaigns, but more
and more commonly continuous GNSS stations have been put
into place since the turn of the century, especially since the
IPY (2007-09). The remote environment necessitated install-
ing independent power supplies from solar and wind genera-
tors, and protection from weather conditions. Standard
GNSS processing methodology is followed, such as aligning
the solutions to the terrestrial references by including IGS ref-
erence stations from adjacent continents. The accurac
achieved for horizontal velocities is typically I mma ",
while the accuracy of the vertical velocity is at the level of 2
mm a™! (King et al. 2010; Thomas et al. 2011; Sasgen et al.
2018). This accuracy is sufficient to observe the solid Earth
signal in many regions of Antarctica, although non-linear
motion can often be better characterized than linear motion.
However, identifying the viscous signals requires knowledge
of the elastic loading, which becomes the largest error source
when using GNSS to constrain GIA models. Still, GNSS pro-
vides the only constraint in large parts of Antarctica. The large
uplift rates observed in the Antarctic Peninsula and the
Amundsen Sea Embayment have motivated an increased
effort to model GIA in low-viscosity regions. Similar to stud-
ies in Alaska, Iceland and Patagonia, it is now clear that parts
of West Antarctica and the Antarctic Peninsula must be under-
lain by a low-viscous mantle. This is an important constraint
on 3D viscosity maps that are created from seismic models
(Ivins et al. 2021, this volume).

In order to come up with a consistent and homogeneous
solution for coordinates and coordinate changes of bedrock
sites in Antarctica, the GIANT-REGAIN (Geodynamics In
ANTarctica based on REprocessing GNSS DAta INitiative)
project compiles the most complete dataset of geodetic
GNSS measurements recorded at bedrock sites in Antarctica.
First results of this processing can be expected in 2022.

The success of improving constraints on the solid Earth
response depends on the continuation of geodetic GNSS
observations in Antarctica in order to extend the time span,
as well as on the realization of continuous measurements in
order to detect annual and non-linear signals. Observing the
uplift over a longer time period will provide vital constraints
to improve understanding of the evolution of the Antarctic
ice sheet and its interaction with the solid Earth. Other research
topics that can be addressed with longer time series are the
importance of anelastic behaviour for timescales beyond
instantaneous loading. Longer time series also help to reduce
the error in horizontal velocities and to better separate the plate
motion signal. The GIA signal in horizontal velocities is much
smaller than in vertical uplift rates, but they are more sensitive
to viscosity and possibly a viscosity contrast (Hermans er al.
2018). The analysis of horizontal velocities near the Ross
Sea demonstrated the potential for constraining the viscosity
contrast across that region (Konfal et al. 2018).

Satellite gravimetry using GRACE and GRACE-FO pro-
vides mass-change measurements with a temporal resolution
of 1 month and a spatial resolution of around 300 km. With
ground tracks passing near the poles, the coverage of

Fig. 9. (a) GIA estimated by Gunter

et al. (2014). GIA estimated over the
same time span and applying exactly
the same methodology as Gunter et al.
(2014), but using a new dataset for (b)
satellite altimetry (publicly available:
cf. Schroder et al. 2019b); (¢)
RACMO2.3p2 (provided by M. van
den Broeke and P. Kuipers Munneke,
Utrecht University, The Netherlands);
and (d) satellite gravimetry (publicly
available: cf. Mayer-Giirr ez al. 2018).
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Antarctica is much better than that of low-latitude regions.
However, corrections models (e.g. for atmospheric pressure)
can be less accurate in Antarctica and correlated errors mani-
festing as north—south stripes are still present. As for GNSS,
the signal separation between current ice-mass changes and
the readjustment to past mass changes remains the greatest
problem. It is usually the ice-mass changes that are the focus
of interest. However, satellite gravimetry needs to be corrected
for GIA in order to obtain the real ice-mass changes, with this
effect being the greatest source of noise in trend estimates.
This demonstrates the importance of improved realism and
accuracy in numerical GIA models taking into account lateral
and temporal changes in viscosity, for example, and extending
ice melt further back in time. The consistency between mass
changes derived from satellite gravimetry as well as from
radar altimetry or input—output mass changes provides a vali-
dation of GIA models. However, the problem of uncertainty in
GIA predictions can only be solved by including further data-
sets. Apart from the empirical GIA modelling based on geo-
detic data, constraints on the GIA process (e.g. in the form
of ice-margin data, measurements on bedrock and relative sea-
level curves) are crucial.

For deriving empirical GIA estimates, the quality and
properties of the input datasets are pivotal to the combination
methodology. Following the approach introduced by Gunter
et al. (2014) in their sensitivity study of Antarctic GIA, Wil-
len et al. (2020) concluded that the estimated GIA is strongly
sensitive to input datasets (as can be expected for a combina-
tion of real data). The sensitivity of the estimated GIA to dif-
ferent datasets is clearly visible in Figure 9 (reproduced from
Willen et al. 2020). Apart from the data themselves, the
input includes assumptions on the density of snow, ice and
the upper mantle. Although several attempts have been
made to improve the combination approach, a thorough val-
idation of all datasets involved is still missing. Especially in
light of large interannual variations in the Antarctic climate
(Ligtenberg et al. 2012) and the possible non-linearity in
the GIA signal (Barletta et al. 2018), a sophisticated
approach for time-series analysis, such as suggested by Eng-
els (2020), could be used to analyse and validate temporal
variations of all input data prior to combining them: (i) to
improve our understanding of the evolution of Antarctic geo-
physical processes; (ii) to identify significant disagreements;
and (iii) to adjust the uncertainties correspondingly, which is
crucial when combining data from different observational
techniques.

Extended time series yielded by satellite gravimetry
(GRACE-FO), altimetry (ICESat-2) and GNSS, along with
improved methodologies, will increase the spatiotemporal res-
olution and the reliability of empirically derived GIA. More-
over, data-driven GIA should be extensively compared
against independent GIA models that consider ice-mass
changes in the late Holocene in addition to the last glacial
maximum, as well as a wide range of plausible Earth parame-
ters based on seismic, gravity and petrological information.
Only a close collaboration of modellers, geoscientists and
remote-sensing experts can help to increase the accuracy of
the derived GIA models, which are so crucial in quantifying
Antarctic ice-mass loss and in predicting feedback effects on
future changes to ice dynamics.
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