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Abstract Revised horizontal and vertical plate velocities of the Antarctic conti-
nent in ITRF2008 and the impact of elastic and viscoelastic deformations over the
continent due to Antarctic Ice Sheet (AIS) variations are simultaneously estimated
using GPS and GRACE data for the period 2005–2015. The improved GPS time
series and resulting horizontal and vertical velocities indicate that East Antarctica
is subsiding significantly, whereas West Antarctica is experiencing uplift with tran-
sitional subsidence along the Trans-Antarctic Mountain ranges. According to the
ongoing elastic deformation and AIS mass variations from GRACE data, the East
Antarctic area is subsiding at a rate of 1 mm/yr. The elastically corrected or GRACE
corrected vertical deformation also exposes the deformation patterns associated with
the viscoelastic vertical deformation in terms of East Antarctica subsidence and
West Antarctica upliftment. The GIA model values also agree well with elastically
corrected vertical motions when validated with elastically uncorrected and corrected
GPS vertical velocities. Hence we reveal that the outcome of the elastically corrected
vertical deformation in the Antarctic region is very well connected to the long-term
viscoelastic changes akin to AIS mass variations.

1 Introduction

Antarctica is almost completely encircled by divergent or conservative platemargins,
occupying the main plate’s unique structural setting (Hayes 1991). However, the
lithospheric intra-plate movements taking place in Antarctica can be instigated by
various factors. Long-term mass changes in the Antarctic Ice Sheet (AIS) since the
Last Glacial Maximum (LGM) cause viscoelastic behavior due to Glacial Isostatic
Adjustment (GIA) at first (Farrell 1972). Furthermore, the Earth’s crust reacts more
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elastically in response to the current mass changes of the AIS. Climate variables
such as temperature and humidity control these behaviors associated with snow
accumulation and ablation rates on the surface (Huybrechts 1994). The unloading of
ice mass can root for slight convergence around the main discharge center in terms of
horizontal motions. In contrast, in the case of viscosity, which is an elastic tendency
that includes both the lithosphere and the underlying mantle, the divergence obtained
is different (Bouin and Vigny 2000).

While conferring the intraplate deformation of the main Antarctic plate, West
Antarctica moves independently of East Antarctica during the geological period. The
evolution of the western Antarctic and its relationship to the eastern Antarctic have
profound implications for the reconstruction of the Gondwana continent, as well
as global-scale plate interactions, paleoclimate, and paleo-biogeography (Dalziel
and Elliot 1982). Paleomagnetic data suggests that West Antarctica experienced a
clockwise rotation of about 175–155 Ma and a counterclockwise rotation of about
155–130Ma in comparison to East Antarctica (Grunow1993). As a result, Antarctica
can be divided into two structural domains: East Antarctica, which has a stable
Precambrian shield, andWest Antarctica, which has a more complicated assemblage
of accreted terrain (Morelli and Danesi 2004). These two domains are separated by
the Transantarctic Mountains (TAM), a 3500 km long-range with elevations up to
4500 m (Brink et al. 1997).

To study the lithospheric dynamics of the Antarctic plate, both, horizontal and
vertical displacements of the West and East Antarctic plates must be taken into
account. Over the last few decades, geodetic research has focused on calculating
the current rate of relative plate motion and comparing it to the rate for millions of
years (DeMets et al. 1990; Argus and Heflin 1995). Even though the Antarctic Plate
moves/rotates very slowly (Denton et al. 1991; James and Ivins 1998), advances
in space geodesy allow for extremely precise and accurate spatial observations
in the Polar Regions, particularly in Antarctica, which aid in the study of crustal
dynamics, post-glacial rebound, icemass balance, and other topics (Argus and Peltier
2010; King et al. 2016). The displacement rates of geodetic monuments established
over any part of the Earth’s surface can be measured with a precision of less than
1mm/yr usingmodern space geodetic techniques like very-long baseline interferom-
etry (VLBI), Global Positioning System (GPS), Synthetic Aperture Radar Interfer-
ometry (InSAR) etc. and subsequent observations can be compared with predicted
values from lithospheric deformationmodels of the polar regions (Dietrih et al. 2004;
Ohzono et al. 2006). In addition, the expansion of Gravity Recovery and Climate
Experiment (GRACE) satellite observations conjunction with GPS measurements,
which can analyze temporal changes in the Earth’s gravitational field and estimates
changes in mass near the Earth’s surface with incomparable precision, provide the
current elastic response of the lithospheric plate with high resolution and accuracy
(King et al. 2005; Bevis et al. 2009; Williams et al. 2014).

Contemporary deformation and mass loss of Antarctica is measured using
geodetic observations such as the GPS and GRACE measurements, which provide
constraints for the GIA model to meet (Dietrih et al. 2004; Ohzono et al. 2006;
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Thomas et al. 2011; Williams et al. 2014). Over the Antarctic plate, several contin-
ually observing GPS stations are available, especially along the Antarctic coast to
assess the elastic crustal deformation in response to the ongoing present-day AIS
mass changes, long-term viscoelastic reaction due toGIA, and likely tectonicmotion.
However, the lack of a network of ground-basedGPS observations still limits the vital
tasks in the investigation of kinematics and deformation of the Antarctic plate. To
address the spatial variation of the Antarctic plate’s contemporary kinematics associ-
ated with the present-day ice mass variations, in the present study we use continuous
GPS data from 27 permanent GPS stations distributed across the Antarctic continent
established by different countries, including the 1 continuous observing GPS stations
by India at Maitri (Schirmacher Oasis), and 12 International GNSS Service (IGS)
stations (Fig. 1).

Fig. 1 Map shows the study region Antarctic continent in white color surrounded by the blue color
Southern Ocean. The blue lines indicate the plate boundaries of the South Polar Region. The red
triangles represent the GPS data used in the present study. The green triangle indicates the location
of the Indian Antarctic research base station Maitri
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2 Data and Analysis

2.1 GPS Network and Data

We have used continuous GPS data observed from a site (Maitri, established by
Indian Institute of Geomagnetism) at the Indian Antarctic research base Maitri at
Schirmacher Oasis, East Antarctica, 12 sites from the International GNSS Service
(IGS) network, and 14 sites from other national networks during 2005–2015 (Fig. 1).
In this study, the data from GPS stations that had been in operation for more than
three years were analyzed to achieve accurate results (Blewitt and Lavalle 2002).
The GAMIT/GLOBK 10.5 software from (Massachusetts Institute of Technology,
USA) is used to obtain the time series of all GPS stations in ITRF2008 (Altamimi
et al. 2011). The 24-h GPS dual-frequency and two-phase code observations are
used to calculate the daily position (King and Bock 2005; Herring 2005). The first
step is to use the satellite orbit parameters published by IGS to eliminate the iono-
spheric coupling effects through the ionosphere-free liner combinations. In addition,
the influence of the Earth tide was corrected using the International Earth Rotation
Reference System (IERS2010), and the influence of tidal loads on the ocean was
corrected using the finite element solution model (FES2012). The use of sea-bottom
pressure models with a time’space resolution of 6 h and 0.5°, respectively, eliminates
the effect of non-tidal ocean loading (van Dam et al. 2012). The tropospheric delay
correction was employed using a global barometric temperature (GPT) model to
estimate zenith delay and horizontal slope (Bohem et al. 2007). The effect of atmo-
spheric loading is derived from the National Center for Environmental Protection
(NCEP) reanalysis surface pressure data set. According to the method described in
Van Dam and Wahr (1987) and van Dam (2010), this dataset contains daily files
of 4 periods with a degree spacing of 2.5° × 2.5°. Daily solutions were created by
averaging the obtained GPS data sets over 6 h of atmospheric pressure to enable
compatibility with the daily solution. The remaining GPS variant time series was
then retrieved using two sets of daily solutions (GPS and atmospheric load solu-
tions). In the second step, the computed loose constrained solutions are then passed
to GLOBK to estimate the station position, velocity, orbit, and rotation parameters
of the Earth using Kalman filtering. We used a set of quality IGS sites to implement
the coordinate system in ITRF2008. It is important to note that when processing GPS
data using GAMIT/GLOBK, we did not take into account the effects of hydrological
or AIS loads; therefore, the surface deformation caused by this effect persists in the
remaining GPS time series.

2.2 Common Mode Errors

Common Mode Errors (CME) exist in GPS time series and are one of the major
causes of influencing the accuracy and reliability of location coordinates and the
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secular variation of GPS locations (Wdowinski et al. 1997; Nikolaidis 2002). The
seasonal variations and antenna offsets are the prominent CMEs in the GPS signal.
In general, the seasonal signal is modeled by the first and second harmonics of the
sine functions, and the model is subtracted from the observed time series. Nikolaidis
(2002),Herring (2003), andTian (2011) proposed the following analytical function to
obtain the secular trend, which represents the strain accumulation due to interseismic
plate motion:

d(t) = c + νt + Xsin(ωt + ϕ1) + Y sin(2ωt + ϕ2)

+ a
[
ln

(
1 + t/τlog

)
or/and

(
1 − e−(t/τexp)

)]
(1)

where d(t) is the displacement as a function of time t, v the linear velocity, c the
coseismic offset, X the amplitude of the annual cycle, ϕ1 the phase offset of the
annual cycle, Y the amplitude of the semi-annual cycle, ϕ2 the phase offset of the
semi-annual cycle, ω = 2π

/
T , the amplitude of postseismic decay, τlog the decay

time corresponding to logarithmic decay, and τexp is the decay time corresponding
to exponential decay.

Equation (1) was used to achieve the improved time series and resulting horizontal
and vertical velocities containing secular components of tectonic motion. Figure 2
and Fig. 3 show the resultant horizontal and vertical linear/secular motions at all
GPS sites in ITRF2008 as calculated using the least-squares method suggested by
Tian (2011). The sigmas of the coordinate estimates in the time series are used
to calculate the parameter estimates and uncertainties with either white or flicker
noise assumptions (Herring 2003). To separate the elastic deformation associated
with the contemporary AIS mass changes in the Antarctic region, the GRACE-
derived deformation associated with mass fluctuations has been removed from the
GPS vertical components.

2.3 GRACE Data

The GRACE satellite’s gravity mission was launched in March 2002 to detect
mass changes caused by disturbances in the Earth’s gravitational field caused by
continental hydrology and ice melting (Tapley et al. 2004; Wahr et al. 1998). The
errors tracked by GRACE include the total contributions of groundwater, soil water,
surface water, snow, ice, and biomass. Based on GPS signals (time series), we used
the monthly solution of the field harmonic product GRACE RL03 (Lemoine et al.
2013) of the French organization Groupe de Recherche in Space Geodesy (GRGS).
According to Swenson et al. (2008), the center motion coefficient of 1 degree is
determined by the Stokes coefficient. To generate outliers, we used the coefficients
of the spherical harmonic model and converted the spherical harmonic model to a
quality change according to EWH. The spherical harmonics are the 80th and 80th
orders, corresponding to a spatial resolution (half-wave) of approximately 250 km
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Fig. 2 Map portrays the GPS-derived Antarctic plate horizontal velocity in ITRF2008 after
correcting the common-mode errors

(Wahr et al 1998).The inversion of spherical harmonic coefficients of gravity signals
yielded vertical and horizontal surface deformations or displacements due to mass
variations (Wahr et al., 1998). The horizontal and vertical elastic deformation was
described by Farrell (1972) as follows:

�H(θ, λ, t) = R
∞∑

l=1

l∑

m=0

Plm(cosθ).[�Clm(t)cosmλ + �Slm(t)sinmλ]. ll
1 + kl

(2)

Davis et al. (2004) expressed the vertical elastic deformations as:

�V (θ, λ, t) = R
∞∑

l=1

l∑

m=0

Plm(cosθ).[�Clm(t)cosmλ + �Slm(t)sinmλ]. hl
1 + kl

(3)

where θ and λ are the latitude and longitude of the observed point at time t, R is
the Earth Radius, l and m are the degree and order of the spherical harmonic model,
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Fig. 3 Map illustrates the GPS-derived Antarctic vertical velocity in ITRF2008 after correcting
the common-mode errors. The red shades indicate the uplifting region and blue shades represent
the subsidence region. The size of the circles indicates the uncertainty of the GPS-derived vertical
rate

Plm is fully normalized Legendre functions, �Clm(t) and�Slm(t) are the spherical
harmonic coefficient anomalies of GRACE data and hl and kl are elastic Load Love
numbers (Pagiatakis 1990). The elastic deformation associated with present-day
snow-mass variations was estimated for each GPS location in terms of the Earth-
mass centre, as per Eq. (3). We used the Gaussian smoothing on a regional average
with a radius of 250 kmwindow and global forward modeling to eliminate correlated
GRACE error and bias from GRACEmass changing (Chen et al. 2015). The vertical
trend of elastic deformation estimated from the spherical harmonic coefficients of
GRACE data over the Antarctic from January 2005 to January 2015 is represented
in Fig. 4. The GRACE-derived mass variation-induced displacements in vertical
directions are indicated as circles.
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Fig. 4 Map shows the GRACE-derived vertical elastic deformation rate of Antarctica. The red
shades indicate the uplifting region and blue shades represent the subsidence region. The size of
the circles indicates the uncertainty of the GPS-derived vertical rate

3 Results and Discussion

3.1 GPS-Derived Crustal Motions

Deformations occur in Antarctica due to a combination of factors, including rigid
platform rotations, internal tectonic movement, the viscoelastic glacial isostatic
adjustment in response to previous ice mass changes, and elastic movement due
to present ice mass fluctuations (Farrell 1972; Huybrechts 1994). GPS determined
crustal deformation gives a unique proxy record of AIS mass changes due to the
Earth’s elastic and viscoelastic response to ice mass accumulations and ablation.
The improved time series and resulting horizontal and vertical velocities containing
secular components of tectonic motion were obtained using Eq. (1). Preliminary
assessment of horizontal and vertical time series GPS and GRACE show that the
seasonal variations are present in both horizontal and vertical components, however,
the signal is more prominent in vertical displacement. Table 1, Figs. 2 and 3 represent
the GPS-derived, both horizontal and vertical deformation pattern of Antarctica.

A tectonic plate motion, viscoelastic, and a local component are included in the
measured GPS velocities. The local component is often substantially smaller than
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the plate rotation at intraplate station sites. Thus, in ice-covered regions like Antarc-
tica, the signal emerging from viscoelastic GIA overrules the elastic local signal of
deformation. The spatial view of the horizontal velocity map gives a clear picture of
the clockwise rotation of the Antarctic continent (Fig. 2). As per the paleomagnetic
record, this rotation of the Antarctic plate has been in motion since 175–155 Ma.
However, during 155–130 Ma a counter-clockwise rotation was also been recorded
(Grunow 1993). Consequences of these past clockwise and counter-clockwise rota-
tions portioned Antarctica into two structural domains, theWest and East Antarctica,
and these two domains are separated by TAM (Brink et al. 1997; Morelli and Danesi
2004). It may be noted that the horizontal velocity map illustrates that West Antarc-
tica rotates faster than East Antarctica, where the magnitude of the velocity vectors
almost doubles compared to East Antarctica. Ghavri et al. (2017) suggested that the
Antarctica plate is surrounded by both, convergent and divergence plate margins,
hence the plate motions are large in West Antarctica. However, Zanutta et al. (2018)
reported that the thickness of the Earth’s crust differs between East andWest Antarc-
tica, and the intraplate relative velocities calculated from GNSS data demonstrate
that movements between the two regions are insignificant.

In terms of GPS-derived vertical deformation (Fig. 3), East Antarctica exhibits
significant subsidence while West Antarctica exhibits nearly equal levels of uplift.
Nonetheless, the vertical deformation of GPS sites along the TAM indicates a level of
subsidence intermediate to that of East Antarctica. It should be noted that the spatial
pattern of these velocities does not match any GIA model (Bevis et al. 2009). As a
result, the vertical rate estimated from the GPS time series alone cannot be explained
by an elastic response to current ice loss. The study, however, supports the existence
of discrepancies between the GIA-modeled and observed uplift rates, which could
be attributed to deep-seated, regional-scale structures (Zanutta et al. 2018).

3.2 Elastic Deformation

For the precise estimation of the viscoelastic behavior due to GIA, the signal sepa-
ration associated with elastic deformation is critical (King et al. 2012). Because the
vertical displacement velocity obtained via GPS analysis is the sum of the GIA-
induced viscoelastic and the elastic components. Thus proper correction of elastic
deformation is required to extract the GIA-induced crustal deformation with accu-
racy. Figure 3 shows the GRACE-derived short-term elastic deformation caused by
the current AISmass variation at each GNSS site in this study using Eq. (3). However
the horizontal elastic deformation derived using Eq. (2) was negligible, hence here
we discuss the results in terms of vertical elastic deformation.

Estimation of the vertical rate of the Antarctic region has been carried out by
different investigators. Thomas et al. (2011) and Argus et al. (2014) reported that
following the breakaway of the Larsen B Ice Shelf in February 2002, elastic vertical
crustal deformation rates in the Northern Antarctic Peninsula dramatically acceler-
ated in response to the abrupt ice mass loss. Lutzow-Holm Bay, part of Drowning
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Maud Land, has recently seen a significant increase in surface mass as measured by
GRACE (Velicogna et al. 2020). Snowfall has increased in the region recently, as
indicated by this mass increase. However, an assessment of GIA solutions based on
GPS velocity filed by Li et al. (2019) suggested that GIA and AIS loading have little
impact in East Antarctica, where vertical motion is negligible.

In the present study, we calculated the elastic deformation due to the current AIS
mass variation at each GPS site using GRACE data. GRACE has recently observed
a widespread gain in surface mass over the Antarctica region. The AIS-induced
displacements determined from GRACE using Eq. 2 are shown as circles in Fig. 4.
According to the estimated deformation, the East Antarctica region experiencing
subsidence at a rate of ~1 mm/yr due to AIS associated elastic deformation.

3.3 Elastically-Corrected Deformation

Seasonal hydrological loading and unloading over continents elastically deform the
Earth’s surface (Farrell 1972). Seasonal signal contributions from AIS or hydrolog-
ical mass variations affect the location time series and velocities of GPS stations,
as recorded in Antarctica and elsewhere respectively (Blewitt and Lavallée 2002).
In order to derive the viscoelastic deformation, we have subtracted the GRACE-
derived vertical deformation rates from the GPS-derived counterparts assuming that
the remaining vertical deformation in the Antarctic region is associated with the
long-term viscoelastic deformation.

In terms ofAIS adjustedGPSvelocity vectors, Fig. 5 represents the secular rates of
the vertical deformation of Antarctica. The GRACE corrected vertical deformation,
exposes two unique deformation patterns of eastern side subsidence and western
side upliftment. It may be noted that the maximum upliftment is taking place inWest
Antarctica and especially in the Antarctic Peninsula region. As reported by (Hattori
et al. 2021), here, we believe that these corrections are the vertical motion of GIA due
to changes in the viscoelasticAISmass variations. Thus the results highlight theGIA-
induced vertical trend of the Antarctic continent. It is also worth mentioning that the
GIA’s ice-sheet margin forecasts are heavily reliant on ice-sheet models. To further
analyze the disparities in the GPS-derived and modeled GIA signals, additional GIA
model estimates using alternative ice models are necessary.

3.4 Validation with GIA Model

A numerical simulation of global glacial isostatic adjustment is referred to as a GIA
model. ICE-6G_C (VM5a) is a novelmodel (Argus et al. 2014) of theLateQuaternary
ice age’s last deglaciation episode (Fig. 6). Compared to the previous GIA models,
ICE-6G_C (VM5a) model has been explicitly refined by applying all available GPS
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Fig. 5 Map represents the elastically corrected (i.e. GPS minus GRACE) vertical deformation rate
of Antarctica. The red shades indicate the uplifting region and blue shades represent the subsidence
region

measurements of vertical crustal motion that can be used to constrain the thickness
of local ice cover and its removal timing.

In order to evaluate the correlation between the vertical velocities of the elastically
uncorrected and corrected GPS values and the prediction of GIA model (ICE-6G_C
[VM5a]), we present a linear fit between the vertical velocity of the GPS station
and the predicted value of each GIA model in Fig. 7. It may be noted that the linear
fit of the annual vertical amplitude of the GPS-GRACE (i.e. elastically corrected)
values better fit with the GIA model (slope = 0.86; correlation coefficient = 0.83)
compared to the fit of elastically uncorrected GPS velocities (slope = 0.78; correla-
tion coefficient = 0.75). I.e. higher the correlation coefficient, the larger the degree
of coincidence between the vertical velocities measured at GPS stations and the GIA
model’s predictions. This indicates that the elastically corrected (GPS–GRACE) site
velocities are in best agreement with the GIAmodel velocities. The differences in the
observations and model can be ascribed to ice-load histories, different computation
methodologies, and earth model parameters (Groh et al. 2012).
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Fig. 6 Map illustrates the GIAmodel (ICE-6G_C [VM5a]) estimates of the vertical crustal motion
values at the GPS locations used in the present study. The red shades indicate the uplifting region
and blue shades represent the subsidence region

4 Conclusions

In regions like Antarctica, the short-term elastic response from current mass changes,
the long-term viscoelastic impact from ice-sheet mass variations, and sometimes
ongoing tectonic processes all work together to create horizontal and vertical
crustal displacements. These short and long-term deformations can be captured very
precisely with continuous GPS monitoring. The separation of these signals, on the
other hand, is critical. In terms of Antarctic tectonic plate motion, the improved
GPS time series and resulting horizontal and vertical velocities demonstrate that East
Antarctica is subsiding significantly, whereasWest Antarctica is experiencing almost
equal uplift with transitional subsidence along the TAM regions. However, according
to ongoing elastic deformation and current AIS mass fluctuations from GRACE
data, the East Antarctic area is subsiding at a rate of 1 mm/yr. To derive long-term
viscoelastic deformation GRACE-derived vertical elastic deformation rates were
subtracted fromGPS-derived equivalents. Further, the elastically adjusted orGRACE
corrected vertical deformation highlights the deformation patterns in terms of East
Antarctica subsidence and West Antarctica upliftment associated with the long-term
viscoelastic vertical deformation. The validation of the GIA model with elastically
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Fig. 7 Correlation plot between the annual amplitude estimated from the seasonal signals observed
in GPS and elastically corrected GPS signals with the annual amplitude of the GIAmodel ICE6G_C
[VM5a]. Red and blue lines indicate the estimated best fit line to the GPS elastically uncorrected
and elastically corrected linear fit with slope and correlation coefficient (R) values

corrected and uncorrected GPS vertical velocities show that the GIA model values
agree well with elastically corrected (GPS—GRACE) site velocities.
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