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ESA STUDY CONTRACT REPORT 
 

Executive Summary 

The primary aim of the REGINA project is the determination of the elevation rate correction for CryoSat-2 data 
representing glacial-isostatic adjustment (GIA) in Antarctica. The secondary aim is to explore the GIA signatures 
caused by the presence of a ductile (low viscous) layer in the elastic crust and their detectability with satellite 
measurements.  

To achieve this aim, multiple space-geodetic data sets (gravity, altimetry, GPS) were collected and accurately analyzed 
for their temporal linear trends. In parallel, elastic and viscoelastic load-response functions were calculated for an 
ensemble of Earth structures suitable for East and West Antarctica, as well as in- and excluding a ductile layer.  

In a novel approach, the data sets were combined using the load response functions, allowing to separate present-day 
ice-mass change signals from GIA. The GIA signatures were then validated and their impact on CryoSat-2 elevation 
rates was determined. Differences between published GIA corrections and the REGINA estimate were explored and 
the effect of the low-viscous Earth structures was assessed. The project delivered an ensemble of proto-type GIA 
estimates in a gridded format for correcting CryoSat-2 data. 

Supplementary work is needed to consolidate the GIA estimates and turn them into a final product. This involves 
further improvement of the input data sets, as well as the definition of the requirements for an optimal GIA field. 
Finally, REGINA explored extreme, yet plausible Earth structures leading to fine-scale GIA signatures of high 
magnitude; further investigations are necessary to assess how realistic these signatures are.  
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0 Preface 

Purpose of this document 

The project REGINA (www.regina-science.eu) funded by the Support To Science Element (STSE) of 
the European Space Agency (ESA) aims at improving land-elevation rate corrections for CryoSat 
due to glacial-isostatic adjustment (GIA) for Antarctica, employing multiple space-geodetic data 
and numerical modeling. This document is the Final Report (FR), presenting the experimental error 
and validation activities of the developed GIA estimate. 

 

Applicable documents 

In addition to published literature, the following applicable documents [AD] are cited in this report 
and can be obtained upon request from the REGINA project PI: 

[AD-1] Sasgen, I. & the REGINA Consortium (2014): ESA ITT CryoSat+ REGINA: Requirements 
Baseline for determining Regional glacial isostatic adjustment and CryoSat elevation rate 
corrections in Antarctica, Issue 1.1, Doc. Ref. REGINA_D1_1_issue_1.1, http://dep1doc.gfz-
potsdam.de/documents/46, www.regina-science.eu. 

Executive Summary 

The primary aim of the REGINA project is the determination of the elevation rate correction for 
CryoSat-2 data representing glacial-isostatic adjustment (GIA) in Antarctica. The secondary aim 
is to explore the GIA signatures caused by the presence of a ductile (low viscous) layer in the 
elastic crust and their detectability with satellite measurements.  

To achieve this aim, multiple space-geodetic data sets (gravity, altimetry, GPS) were collected 
and accurately analyzed for their temporal linear trends. In parallel, elastic and viscoelastic 
load-response functions were calculated for an ensemble of Earth structures suitable for East 
and West Antarctica, as well as in- and excluding a ductile layer.  

In a novel approach, the data sets were combined using the load response functions, allowing 
to separate present-day ice-mass change signals from GIA. The GIA signatures were then 
validated and their impact on CryoSat-2 elevation rates was determined. Differences between 
published GIA corrections and the REGINA estimate were explored and the effect of the low-
viscous Earth structures was assessed. The project delivered an ensemble of proto-type GIA 
estimates in a gridded format for correcting CryoSat-2 data. 

Supplementary work is needed to consolidate the GIA estimates and turn them into a final 
product. This involves further improvement of the input data sets, as well as the definition of 
the requirements for an optimal GIA field. Finally, REGINA explored extreme, yet plausible 
Earth structures leading to fine-scale GIA signatures of high magnitude; further investigations 
are necessary to assess how realistic these signatures are.  

file:///C:/Users/sasgen/Documents/www.regina-science.eu
http://dep1doc.gfz-potsdam.de/documents/46
http://dep1doc.gfz-potsdam.de/documents/46
http://www.regina-science.eu/
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[AD-2] Sasgen, I. & the REGINA Consortium (2014): ESA ITT CryoSat+ REGINA: Dataset User 
Manual (D2.2) for determining Regional glacial isostatic adjustment and CryoSat elevation 
rate corrections in Antarctica, Issue 2.2, Doc. Ref. REGINA_D2_2_issue_2.2, 
http://dep1doc.gfz-potsdam.de/documents/47, www.regina-science.eu. 

[AD-3] Sasgen, I. & the REGINA Consortium (2014): ESA ITT CryoSat+ REGINA: Algorithm 
Theoretical Basis Document (D3.1) for determining Regional glacial isostatic adjustment and 
CryoSat elevation rate corrections in Antarctica, Issue 2.0, Doc. Ref. 
REGINA_D3_1_issue_2.2, http://dep1doc.gfz-potsdam.de/documents/56, www.regina-
science.eu. 

[AD-4] Sasgen, I. & the REGINA Consortium (2014): ESA ITT CryoSat+ REGINA: Validation Report 
(D3.2) for determining Regional glacial isostatic adjustment and CryoSat elevation rate 
corrections in Antarctica, Issue 2.2, Doc. Ref. REGINA_D3_2_issue_2.2, http://dep1doc.gfz-
potsdam.de/documents/61, www.regina-science.eu. 

[AD-5] Sasgen, I. & the REGINA Consortium (2014): ESA ITT CryoSat+ REGINA: Impact Assessment 
Report (D5.1) for determining Regional glacial isostatic adjustment and CryoSat elevation 
rate corrections in Antarctica, Issue 2.2, Doc. Ref. REGINA_D5_1_issue_2.2, 
http://dep1doc.gfz-potsdam.de/documents/62, www.regina-science.eu. 

[AD-6] Sasgen, I. & the REGINA Consortium (2014): ESA ITT CryoSat+ REGINA: Scientific Roadmap 
(D5.2) for determining Regional glacial isostatic adjustment and CryoSat elevation rate 
corrections in Antarctica, Issue 2.2, Doc. Ref. REGINA_D5_2_issue_2.2, http://dep1doc.gfz-
potsdam.de/documents/69, www.regina-science.eu. 

[AD-7] Sasgen, I. & the REGINA Consortium (2014): ESA ITT CryoSat+ REGINA: Final Report (D6.1) 
for determining Regional glacial isostatic adjustment and CryoSat elevation rate corrections 
in Antarctica, Issue 2.2, Doc. Ref. REGINA_D6_1_issue_2.2, http://dep1doc.gfz-
potsdam.de/documents/70, www.regina-science.eu. 

Section overview and relation to ADs  

Section 1 presents the scientific background and overall aim of the project. Details can be found in 
[AD-1]. 

Section 2 presents the gravimetry, altimetry and GPS data sets used in the project, and sketches 
the determination of the elastic and viscoelastic kernels. Details can be found in [AD-2] and 
[AD-3] 

Section 3 introduces the combination approach taken. Details on the algorithm can be found in 
[AD-3] 

Section 4 presents the GIA estimates resulting from the combination and compares them with 
published data sets. Details can be found in [AD-4] 

Section 5 discusses the impact of GIA estimates and CroySat-2 volume rates and discussed the 
effect of the weak Earth structures adopted in the study. More discussion can be found in 
[AD-5] 

http://dep1doc.gfz-potsdam.de/documents/47
http://www.regina-science.eu/
http://dep1doc.gfz-potsdam.de/documents/56
http://www.regina-science.eu/
http://www.regina-science.eu/
http://dep1doc.gfz-potsdam.de/documents/61
http://dep1doc.gfz-potsdam.de/documents/61
http://www.regina-science.eu/
http://dep1doc.gfz-potsdam.de/documents/62
http://www.regina-science.eu/
http://dep1doc.gfz-potsdam.de/documents/69
http://dep1doc.gfz-potsdam.de/documents/69
http://www.regina-science.eu/
http://dep1doc.gfz-potsdam.de/documents/70
http://dep1doc.gfz-potsdam.de/documents/70
http://www.regina-science.eu/
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Section 6 presents concluding remarks. A detailed short- and medium-term outlook can be found 
in [AD-6]. 

Section 7 lists the referenced literature. 

1 Introduction 

A major uncertainty in determining ice-mass balances from gravimetric, and, to a lesser extent, 
from altimetric measurements is the necessity to correct mass trends for the viscous flow in the 
Earth’s interior related to the glacial-isostatic adjustment (GIA), causing gravity field disturbances 
and surface displacement. Both types of uncertainties need to be considered, at a regional scale, 
to reliably determine the amount and errors of space-geodetic estimates of the ice sheet 
contribution to sea level rise.  

Current GIA models suffer from the poorness of observational constraints on the ice sheet 
evolution and lack of knowledge on the Earth’s rheological structure, and, at the same time, lack 
of representing GIA signals at smaller spatial scales, for example associated with weak Earth 
structures and ductile flow in the crust underneath Antarctica.  

Within ESAs Support to Science Element (STSE), the project REGINA aims at exploiting the full 
potential of present-day space-geodetic observations as regional constraints for Antarctic GIA; 
namely, temporal gravity field variations measured with GRACE, GPS surface displacements, and 
ice sheet topographic change from satellite altimetry.  

Together with improved GIA modeling, accounting for thin elastic lithosphere, including a ductile 
layer in the crust and low asthenosphere viscosities, the project aims at tightening GIA predictions 
at the regional scale from satellite observations, thus reducing uncertainties in gravimetric and 
topographic change corrections, in particular for CryoSat-2. 

2 Data sets 

2.1 Altimetry 

2.1.1 ICESat 

We determine ICESat elevation rates (dh/dt) based on release 633 data from February 2003 until 
October 2009 (Abshire et al. 2005). The data include the Centroid-Gaussian correction that was 
identified in early 2013 (Borsa et al. 2013). Apart from this addition, the same preprocessing was 
carried out as in Sørensen et al. (2011). An inter-campaign bias (ICB) correction following the 86S 
solution from Hofton (2013) was applied. Because ICESat tracks almost never exactly repeat, a 
regression approach can be used in which topographic slope (both across-track and along-track) 
and dh/dt are simultaneously estimated. Elevation change rates for REGINA were derived from 
ICESat Level 2 data using the ‘plane’ method (Howat et al., 2008).  

2.1.2 Envisat 

Time series of height changes derived from Envisat radar altimetry were provided by Flament et al. 
(2012), who use along-track data, fitting a quadratic surface model for slope correction. Varying 
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waveform parameters account for different properties of the ice sheet surface. The point 
measurements are gridded onto the common 10 km x 10 km polar stereographic grid, while the 
temporal resolution is re-sampled from 35 days to the mid-point of each calendar month for each 
grid cell, before estimating the trends. This has a minor effect on the trend estimate (< +-1cm), 
while reducing the error by about 14%. The span of the time series used is chosen to be coeval to 
ICESat (February 2003 to October 2009).  

2.1.3 Combination of ICESat and Envisat 

To increase the coverage and reliability of the dh/dt estimate, we combine ICESat and Envisat data 
sets based on the following two criteria; for each grid cell i) if only one dataset contains a 
measurement, use this, ii) if both datasets contain a value, use the one with the smaller standard 
error. Figure 2.1 shows the mask and the dh/dt estimate following the combination. As expected, 
ICESat usually performs better over steep topographic slopes and along the ice sheet margins, 
where spatial scales of the measured changes are small. This is due to its smaller footprint of the 
laser altimeter, its higher accuracy and lower slope-dependent error (e.g. Brenner 2007). On some 
flat areas and over some faulty ground tracks, however, Envisat has a lower error. On the 
Peninsula, Envisat picks up some points that are not present in the ICESat data set. The coverage 
around the pole is increased from 81.5°S (Envisat) to 86°S (ICESat). Missing data points are 
assumed to be zero. The Envisat/ICESat combined elevation rate is shown in Figure 2.1. 

 

Figure 2.1: Rate of elevation change from altimetry; a) mask for the combination of Envisat/ICESat 
trends and resulting b) dh/dt gridded data set.    

2.2 GPS uplift rates 

2.2.1 Solution processing 

The GPS processing was performed using the GIPSY-OASIS software (version 6.2) released by the 
Jet Propulsion Laboratory (JPL) to estimate satellite orbits and clocks, using a carefully selected 
balanced stable global network of GPS stations. These orbits and clocks were then used to perform 
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precise point positioning (PPP) processing with all the available Antarctic sites of interest. This 
strategy is similar to that of Thomas et al. (2011), but with more recent processing software and 
model updates included. We tested a variety of processing assumptions and their influence on the 
solutions, including antenna phase centre models, tropospheric propagation delays, atmospheric 
and oceanic tide loading, as well as the selection of the network. Moreover, we assessed the 
robustness of the reference frame realization with regard to second order ionospheric effect and 
the earth radiation pressure, as well as the selection and distributions of core sites.  

2.2.2 Removal of outliers and systematic errors 

After the solutions processing, we estimated the rate at the Antarctic sites as accurately as 
possible. To achieve this, the time series for each site was cleaned from outliers and systematic 
errors such as offsets, however, applying special caution when removing data from any analysis. 
Some manual editing of time series was done, where there was good reason to think there was a 
problem with the data (e.g. nearby comparison sites, odd effects seen in all three components or 
where some metadata for certain campaigns was known to be poor). There were not many offsets 
clearly visible in the series, but epochs of offsets in the series for sites dav1, dum1 and mait were 
recorded.  

2.2.3 Linear trend and noise estimation 

The CATS software (Williams 2008) was used to examine the noise properties of those time series 
containing over 2000 daily epochs of data (Figure 2.2 shows an overview of the length of the time 
series). We estimated a white noise scale factor for the formal errors, and a power law noise 
amplitude with the index fixed to -1 (flicker noise), along with trend, annual and semi-annual 
seasonal parameters, and sizes for the offsets (at the specified epochs). The median values for 
white noise scale factor and power law noise amplitude were then used to propagate errors for 
the shorter time series (< 2000 daily epochs).The shorter time series were separated into longer 
continuous sites -- for which periodic parameters were estimated in the error propagation, and 
shorter continuous sites and campaign sites for which periodic parameters were not estimated.  

2.2.4 Manual evaluation 

Finally, the rate and error at each site was assessed by manually removing portions of the time 
series (for example deleting campaigns in turn). If the rate changed by an amount larger than the 
propagated error for the site, the error for the site was changed to +- the maximum difference in 
rate, and the rate adjusted if necessary to fall in the most likely part of the range. This allows for 
potential systematic effects and short term loading effects to be taken into account as far as 
possible. As checking for systematic errors is not possible for sites with only 2 campaigns, all such 
sites were assigned an error of +-100 mm/yr (except reyj, which has a huge vertical rate which is 
considered very likely to be a systematic error, which was assigned an error of +-300mm/yr). This 
avoids potential operator bias in site discards. Sites with two campaigns with additional reinforcing 
data (e.g. if there were two sites very close together which agreed well) were given an error of +-
10 mm/yr. A comparison with the uplift rates published in Thomas et al. 2012 and Argus et al. 
2013 is shown in the Impact Assessment Report (IAD; AD-5) 
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Figure 2.2: Time span of GPS records included in REGINA. 

2.3 GRACE 

We base our temporal linear trends in gravity field of Antarctica on GRACE monthly solutions of 
processing centers GFZ (release 5a) and CSR (release 5) for the time period February 2003 to 
October 2009 (limited by ICESat measurement period); the respective cut-off degrees are jmax = 90 
and 96. We reduce the typical north-south correlated error structures in GRACE monthly solutions 
by optimizing the de-striping filter of Swenson and Wahr (2006) (Swenson filter) for the region of 
Antarctica, following Chambers and Bonin (2012) who have optimized their post-processing with 
respect to global oceanic signals. We do this by assessing 1) the signal corruption with a synthetic 
data set based on satellite altimetry, reflecting location, magnitude and spatial characteristic of 
the observed mass changes, and, 2) the effectivity of the noise reduction, considering the residual 
of GRACE minus altimetry trends south of 60°S as an upper bound uncertainty estimate. The 
optimal values for the Swenson filter minimize the quadratic sum of signal corruption and residual 
noise (mstart = 12 and npol = 7; see Supplement). These filter parameters are the same for the CSR 
solutions with jmax = 96 and are subsequently used.  

In a second step, to increase the robustness of the temporal linear trends, non-linear (de-trended) 
variations of surface mass balance associated with snow accumulation and melting events are 
reduced from the GRACE monthly solutions. The database used for this purposes is the 
RACMO2_ANT27 regional atmospheric climate model (Lenaerts et al 2012) converted into 
monthly sets of spherical harmonic coefficients. After de-correlation with the optimized Swenson 
filter and the reduction of the non-linear mass components, noise associated with the higher-
spatial wavelength of the gravity field solutions are suppressed with a Gaussian filter of 200 km, 
which is estimated to be optimal half-width using the Wiener optimal filter (Sasgen et al. 2006). 
Since the quality of GRACE monthly solutions varies over time, e.g. due to evolving orbital 
sampling patterns, information on time-dependent error levels (i.e. month-dependent weighting) 
is considered in the estimation of the linear trends. Finally, uncertainties of the trend are 
estimated based on the residual after the multi-parameter adjustment (linear trend, annual and 
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semi-annual harmonic amplitudes). The resulting linear trend and associated uncertainties are 
shown in Fig. 2.3. 

 

Figure 2.3: Temporal linear trend of the surface-mass change recovered with GRACE for a) GFZ 
release 5a and b) CSR release 5 (mm w.e./yr) and associated propagated uncertainties for c) 
GFZ and d) CSR.  

2.4 Elastic and viscoelastic kernel modelling 

The strategy of the elastic and viscoelastic kernel modelling is driven by the requirement to 
employ Earth structures particularly suitable for West Antarctica, while keeping the computational 
cost at a reasonable level.  In this approach, elastic and viscoelastic response Kernels are 
computed by subjecting different Earth structures (Section 2.4.1) to a disc load forcing (Section 
2.4.2). Then, the response functions for a specific Earth model are distributed onto a geodesic grid 
and, assuming the signals superimpose linearly, adjusted to the multiple data sets. More details on 
the data combination are provided in Section 3.  

2.4.1 Earth model parameters 

Although there is no direct evidence of the presence of a DL, yield strength envelopes of the 
Earth’s crust and mantle suggest the possibility of a viscous deforming layer (Figure 2.4), a few 
tens of km in thickness and with viscosities as low as 1017 Pa s in the lower crust of some 
continental provinces (Ranalli & Murphy, 1987; Schotman et al., 2008).  
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Figure 2.4: Yield strength envelopes for different tectonic provinces, suggesting, for West 
Antarctica, the possibility of a crustal ductile layer in the lower crust. From Ranalli & Murphy, 
(1987) and Schotman et al., (2008).  

Comparably high geothermal heat flow in West Antarctica favors conditions for a DL (Shapiro & 
Ritzwoller, 2004; Schotman et al., 2008, Schroeder et al. 2014). However, even disregarding the 
presence of a DL, seismic shear-wave velocity anomalies with respect to the Preliminary Reference 
Earth Model (PREM; Dziewonski & Anderson, 1981) indicate low crustal thicknesses, and 
accordingly a thin elastically responding crust and mantle lithosphere, ℎ𝑙, as well as low viscosity 
(Morelli & Danesi, 2004). The set of chosen Earth model parameters (Table 2.1), therefore includes 
Earth structures with a very thin elastic lithosphere and soft asthenosphere, as well as a ductile 
layer in the crust (DL). 

Table 2.1: Earth model parameters associated with the disc load ensemble simulations. The Earth 
model is discretized in six radial layers; upper and lower crust (i.e. crustal lithosphere), mantle 
lithosphere, asthenosphere, upper and lower mantle. The lower mantle extends down to the 
core mantle boundary (CMB). The elastic lithosphere is represented by a quasi-infinite viscosity 
of 10 30 Pa s. 

Layer Depth (km) Viscosity  (Pa s) Unique param. val. 

West Antarctica       

Upper crust 20 10
30

 1 

Lower crust DL [yes/no] 30 [10
30

/10
18

] 2 

Mantle lithosphere [30, 90, steps of 10] 10
30

 7 

Asthenosphere 200 [1×10
18

, 3×10
18

, 1×10
19

, 3×10
19 

] 4 

Upper  mantle 670 5×10
20

 1 

Lower mantle CMB 2×10
22

 1 

Number simulations West Antarctica 
 

56 

East Antarctica       

Crust 30 10
30

 1 

Mantle lithosphere [150, 200] 10
30

 2 

Upper  mantle 670 [1×10
18 

, 5×10
20

] 2 

Lower mantle CMB 2×10
22

 1 

Number simulations East Antarctica 
 

4 

Elastic earth       
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Crust and mantle CMB 10
30

 1 

Total number of simulations   61 

2.4.2 Load function 

The load function, 𝜎(𝑡, 𝜗) applied to the viscoelastic Earth model is disc shaped, with a 
constant radius of 63 km, i.e. 𝜎(𝑡, 𝜗) = 0 for co-latitude 𝜗 > 0.57° for all times 𝑡 and constant 
thickness otherwise. We apply loading at a constant rate of 0.5 m/yr until a new equilibrium state 
with the deformational response is achieved. Then the load is held constant, which leaves us, 
immediately after keeping the load constant, with viscoelastic response functions of gravity and 
deformation associated with the rebound. In contrast, the elastic response is obtained 
immediately after applying the loading rate, before any significant viscous adjustment of the Earth 
occurs. It should be stated that once the equilibrium is achieved, gravity and deformation 
response only depend on the lithosphere thickness, not on the viscosity structure. The time to 
reach this equilibrium, however, depends on the asthenosphere viscosity. To reduce the 
complexity, only the equilibrium states are considered opposed the transitional behavior to reach 
this state; therefore, our results may be considered as upper bounds on the deformational 
response. 

3 Methods 

The section describes how the altimetry, GRACE and GPS data sets described in Section 2, are 
combined to obtain an estimate of GIA over Antarctica. The approach is based on the method 
described in Velicogna & Wahr (2002), applied in Riva et al. (2009) and Gunter et al. (2014). 
However, compared to the previous studies, we aim at including GPS uplift rates in addition to 
GRACE and altimetry data sets. Moreover, we refine the assumptions about the standard Earth 
structure used in Riva et al. (2009) and Gunter et al. (2014) for converting GIA-induced geoid-
height to radial displacement. In this respect, we base our combination scheme on elastic and 
viscoelastic load-response kernels which allows us to employ a range of more appropriate Earth 
structures, simultaneously for East and West Antarctica.   

The following section describes the procedures to separate present-day ice-mass changes and GIA 
based on the data sets from altimetry, gravimetry and GPS observations, using the elastic and 
viscoelastic kernels presented above. The separation makes use of the different sensitivities of the 
satellite observations with respect to present and past load change, 𝒎𝒆 and 𝒎𝒗, inducing elastic 
and viscoelastic responses, respectively. In this context, present load changes, 𝒎𝒆, are considered 
as present-day ice-mass changes observable today (e.g. ice retreat in the Amundsen Sea 
Embayment). From this, conceptually separated, are past mass changes, 𝒎𝒗, that have occurred 
before the measurement period, but to which the Earth continues to adjust today by viscoelastic 
surface displacement and relocation of mass in the asthenosphere and mantle. In contrast to mass 
changes, elevation change measurements are also affected by changes in the snow / ice density 
expressed in terms of an apparent mass change, 𝒎𝒄, which does not lead to a gravitational signal 
or surface displacement. In the following, 𝒎𝒆, 𝒎𝒗 and 𝒎𝒄 and altimetry, gravimetry and GPS 
observations refer to the rates of change. 
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Figure 3.1: Concept of separating present-day rates of ice-mass change, 𝒎𝒆, and past rates of ice-
mass change, 𝒎𝒗, causing GIA. Shown are the sign and sensitivity of the altimetry, gravimetry 

and surface displacement observations, 𝒚𝒉, 𝑦ℎ and 𝒚𝒖 to changes in 𝒎𝒆 and 𝒎𝒗 and to 
changes in snow/ice density 𝒎𝒄 (indicated by +, - and ○, meaning positive, negative and no 
sensitivity). It is visible that GRACE and GPS show complementary imprints to nt- and GIA, 
allowing for a separation of both components. 

Formulation of problem 

With the conceptual separation of 𝒎𝒆, 𝒎𝒗 and 𝒎𝒄 the observation equations can be arranged in 
the following system of linear equations, 

 (

𝒚𝒆

𝒚𝒖

𝒚𝒉

) = (

𝑭𝒆 𝑭𝒗 𝟎
𝑮𝒆 𝑮𝒗 𝟎
𝑯𝒆 𝑮𝒗 𝑬𝒘

) (

𝒎𝒆

𝒎𝒗

𝒎𝒄

),   (5.1) 

where  𝑭𝒆/𝒗 represents the elastic / viscoelastic kernel for the rate of geoid-height change, 

𝑮𝒆/𝒗 the elastic / viscoelastic kernel for the surface displacement, 𝑬𝒘 the surface-mass density 

kernel and 𝑯𝒆 =  𝑬𝒘 + 𝑮𝒆  the elastic kernels for elevation change. The observations are rate of 

geoid-height change, 𝒚𝒆, rate of surface displacement, 𝒚𝒖, and rate of elevation change, 𝒚𝒉. The 
underlying assumption is that, both, elastic and viscoelastic responses, are linear w.r.t. to the 
loading, which is the case for the linearized theory of a Maxwell-viscoelastic continuum adopted 
here. It should be emphasized that the viscoelastic kernels, 𝑭𝒗 and 𝑮𝒗 depend on the Earth model 
parameters, i.e. in principle, on the thickness of the lithosphere and the mantle viscosity structure 
but for the equilibrium assumption considered here only on the flexure of the lithosphere. 

The aim is to determine the unknowns 𝒎𝒆, 𝒎𝒗and 𝒎𝒄 based on the observations 𝒚𝒆, 𝒚𝒖 and 𝒚𝒉. 
In principle, the system of equations can be solved for these three unknowns at locations where 
all three data types are available. However, as described later, the problem is ill-posed and 
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unstable, requiring a priori knowledge or regularization to stabilize the inversion. Therefore, the 
combination approach follows a two-step procedure; first, gravity and altimetry data are 
combined assuming the altimetry measurements are purely caused by present mass changes 𝒎𝒆; 
in a second step, GPS uplift rates are included to provide an correction on the estimate of 𝒎𝒆. 

3.1 Combination of GRACE and Envisat / ICESat 

Following Gunter et al. 2014, we first combine 𝒚𝒆 and 𝒚𝒉, however, in our first iteration assuming 
that snow / firn compaction is zero, 𝒎𝒄 = 0 and elevation changes are caused only by the changes 
in the solid ice column. This reduces Equation 5.1 to 

(
𝒚𝒆

𝒚𝒉) = (
𝑭𝒆 𝑭𝒗

𝑯𝒆 𝑮𝒗
) (

𝒎𝒆

𝒎𝒗
).  (5.6) 

Furthermore, viscoelastic deformation underlying the altimetry measurement is neglected, such 
that  𝑮𝒗 = 0, as rates of elevation changes driven by surface processes are on the order of tens to 
hundreds of mm/yr, while the GPS uplift rates indicate that the magnitude of the surface 
displacement is at the level up to 30 mm/yr. With these assumptions, 𝒎𝑒 can directly be 

estimated from 𝒚𝒉 =  𝑯𝒆𝒎𝒆. Then, with this estimate of the present load changes, the gravity 
field signal arising from past load changes becomes 

𝑭𝒗𝒎𝒗 = 𝒚𝒆 − (𝑭𝒆𝒎𝒆),  (5.7) 

which can be solved for 𝒎𝒗. This is considered as a first-order GIA estimate relying on the 
assumptions that the density attributed to the height-change from altimetry is correct and that 
the altimetry is only affected by the relevant mass signals. For practical reasons, Equation 5.7 is 
solved by applying the gravity field Kernels to 𝒎𝒆 directly taken from the altimetry data set at its 
initial spatial scale and resolution, opposed to estimating it. 

 

Figure 3.2: Scheme of procedures for combining GRACE, Envisat/ICESat and GPS data. Step 1 
involves producing a first-order GIA estimate based on subtracting present-day ice-mass 
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change inferred from altimetry from the GRACE gravity field trends. In step 2, GPS uplift rates 
(also corrected with altimetry) are used to separate residual present-day ice-mass change 
from GIA; the residual present day ice-mass change is then used to update the altimetry field 
describing present-day ice-mass change. 

3.2 Including GPS rates 

To improve the first-order GIA estimate from step 1, residual elastic components will be identified 
using GPS uplift rates in step 2. Let 𝜹𝒚𝒆 = 𝒚𝒆 − 𝑭𝒆𝒎𝒆 and 𝜹𝒚𝒖 = 𝒚𝒖 − 𝑮𝒆𝒎𝒆 be the GRACE and 
GPS trends after subtracting the first-order estimates of present-day mass changes, 𝒎𝒆. Then, an 
update of the elastic, as well as the viscoelastic mass change, 𝛿𝒎𝒆 and 𝒎𝒗, can be estimated by 
solving the reduced system of linear equations, 

(
𝜹𝒚𝒆

𝜹𝒚𝒖) = (
𝑭𝒆 𝑭𝒗

𝑮𝒆 𝑮𝒗
) (

𝜹𝒎𝒆

𝒎𝒗
) .  (5.8) 

It should be stated that, due to the sparse distributions of the GPS data and to avoid an 
underdetermined system of equations, it is necessary to reduce the observation and solution 

domain to the 𝑘𝑚𝑎𝑥  grid locations nearest to the GPS sites, 𝜹𝒚𝒆|𝒖 = {𝒚𝑘
𝒆|𝒖

} and 𝜹𝒎𝒆|𝒖 = {𝒎𝑘
𝑒|𝑢

}, 

for 𝑘 = 1,2, … , 𝑘𝑚𝑎𝑥.  

Then, we update the first-order estimate of the elevation change from altimetry according to 

�̅�𝒉 = 𝒚𝒉 + 𝜹𝒚𝑰𝑪𝑬
𝒉 + 𝒚𝑮𝑰𝑨

𝒉 = 𝒚𝒉 + 𝑯𝒆𝜹𝒎𝒆 + 𝑯𝒗𝒎𝒗 , and repeat step 1, resulting in our final GIA 
estimate �̅�𝑮𝑰𝑨

𝒖 = 𝑮𝒗 �̅�𝒗. Note that here 𝑯𝒆| 𝒗  are matrix of dimension 𝑘𝑚𝑎𝑥  ×  𝑖𝑚𝑎𝑥 relating the 

mass change at the GPS location 𝑘 to the location of each disc on the geodesic grid 𝑖. 

4 Results 

4.1 Spatial rate of radial displacement 

The following section discusses the rate of radial displacement associated with GIA obtained with 
the REGINA combination approach. To get an additional view on the resulting GIA fields, Fig. 4.1 
shows the spatial patterns of the radial displacement rate for the end members of the REGINA 
ensemble without and with Gaussian smoothing of 200 km. These are later compared with the 
published GIA fields shown in Section 4.2.  

As expected from the deformation response to thin and thick lithospheres, RE000-030 (ℎ𝑙: 30 km, 
with DL) produces much larger uplift rates (up to ca. 30 mm/yr) at much finer spatial scales than 
RE000-200 (ℎ𝑙: 200 km, no DL) which are < 10 mm/yr. The apparent smoothing due to the thick 
lithosphere becomes apparent. Please note that the uplift for East Antarctica relies on the same 
viscoelastic kernels (ℎ𝑙: 150 km) and is almost identical in RE000-030 and RE000-200.  
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Figure 4.1: Spatial rate of radial displacement (mm/yr) of the REGINA GIA fields for the two end 

members of the ensemble, a) ℎ𝑙: 30 km & ductile layer and b) ℎ𝑙: 200 km & no ductile layer, c) 
and d) same as a) and b), but with 200 km Gaussian filtering applied a posteriori. Please note 
the different scales in a), b) and c), d). 

In contrast to the models where an ongoing relaxation is assumed, in this study only the 
equilibrium state after the viscoelastic relaxation is assumed. This results in an amplification of the 
higher degree components in the response. Applying the 200 km Gaussian filter again reduces this 
effect and leads to similar magnitudes in RE000-030 and RE000-200, even though the higher 
spectral content in RE000-030 remains visible. It should be noted that applying the filtering to 
RE000-200 has only a small effect, while for RE000-030 it reduces the uplift rates of the small scale 
features by a factor of about 3.   
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4.2 Comparison with published data sets 

Fig. 4.2 shows the uplift rates for the published GIA corrections; IJ05 R2 (Ivins et al. 2013), AGE1 
(Sasgen et al. 2013), W12a (Whitehouse et al. 2012) and RIVA09 (Riva et al. 2009). It is visible that 
the overall magnitude between the models varies by a factor of ca. 2, with W12a showing the 
strongest uplift signals. W12a compares well with the RE000-030 (filtered), as well as RE000-200 
(unfiltered and filtered) shown in Fig. 4.1; the location and magnitude of the main GIA signal in the 
Filchner-Ronne and Ross Ice shelves agree. Also, the negative (subsidence) anomaly east to the 
Filchner ice shelf (Coats Land), only shown by W12a is reproduced in RE000.  

 
 

Figure 4.2: Spatial rate of radial displacement (mm/yr) for the published GIA fields a) IJ05 R2, b) 
AGE1, c) W12a and d) RIVA09. Please note the different scales in a), b) and c), d). 

A peculiarity of all REGINA estimates is the subsidence signal in the Bellingshausen Sea Sector, 
which is not supported by any of the published GIA corrections. It is likely, that this anomaly is 
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entirely related to an overestimation of mass increase in the altimetry fields, resulting in a 
negative anomaly when subtracted from the GRACE trends. The Bellingshausen Sea Sector is a 
high-accumulation area, receiving strong moisture flux from the adjacent ocean. It is likely that an 
accumulation event within the observation period caused the height change in the altimetry data 
and is attributed more to snow than to ice. Due to the lack of GPS sites in this region, an 
insufficient elastic correction caused by the wrong density assumption is not improved in the 
second step of the estimation procedure detailed in the ATBD [AD4]. Possible approaches to 
overcome these issues are either employing a mass balance estimate of the input-output method 
(Rignot et al. 2008), or by improving the estimation of snow / firn density using output from a 
regional climate model (see Scientific Roadmap, [AD6]).  

In addition, the GIA estimates of REGINA show a pronounced uplift anomaly in the western part of 
Wilkes Land, East Antarctica (at longitude ca. 90°E), which is not supported by any of the published 
models, and could presumably be an artefact of the surface-mass balance correction. In close 
proximity to this anomaly lies the GPS station MIRN. However, its record consists only of campaign 
data for the years 2006 and 2007 (Fig 4.3) making it impossible to distinguish been an offset 
between the two measurements and a real “trend” in this one year period. In fact, including this 
station with uplift rates on the cm-level, increases the anomaly and leads to a greater 
disagreement with the published models. 

 
Figure 4.3 Time series of bedrock displacement at GPS station MIRN, along with temporal linear 

trend (solid line) and its 1-sigma uncertainties (dashed lines). It is visible that the data consists 
only of two measurement campaigns in 2006 and 2007; therefore, an uncertainty of ± 100 
mm/yr is attributed to the trend. However, since this is the only station close to the spurious 
signal the impact of this station remains is large despite its uncertainty. 

5 Discussion 

5.1 Impact on CryoSat-2  

We assess the impact of the GIA estimate on elevation rates from CryoSat-2 for the 25 Antarctic 
drainage basins shown in Fig. 5.1. Even though the GIA fields are available on a 10 km x 10 km 
Polar Stereographic grid, we choose to integrate over these entities to allow for an easier 
comparison. The calculation of the of the volume rate  𝑣𝑗  for a basins is straight forward according 

to  𝑣𝑗 =  ∑ 𝑢𝑖  𝐴𝑖𝑖  𝛼𝑖 , where i is the index of grid points within drainage basin j and  𝐴𝑖 = 𝑐𝑜𝑛𝑠𝑡. = 
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100 km² is the nominal area represented by each grid point, while 𝛼𝑖 accounts for the distortion of 
the true area with respect to the nominal area (𝛼𝑖 = 1 at true latitude of 71°S; range of ca. 0.87 to 
1.06 within data domain). The rate of radial displacement is 𝑢𝑖. In the following, basins 2 through 
17 are considered for East Antarctica, 1 & 18 through 23 for West Antarctica and basin 24 & 25 for 
the Antarctic Peninsula.    

 

Figure 5.1: Outline of Antarctic drainage basins used in REGINA (taken from Sasgen et al. 2013).  

Table 4.1 summarizes estimates of CryoSat-2 volume rates along with the two end members of the 
GIA simulations (Sim. #29 and #59; see Appendix A.1 of IAR [AD-5]). In addition to the per-basin 
aggregated values shown Table 5.1, 10 km x 10 km Polar Stereographic grids are made available 
via the project website. It should be stated that the CryoSat-2 data are taken from an external 
source (V. Helm, AWI) without closely matching the drainage basins or grounding lines. Therefore, 
the CyroSat-2 values merely present a coarse estimate, which explains some of the large volume 
increases in East Antarctica.  

Table 4.1 shows the volume rates associated with GIA for the end members of the Earth structure 
ensemble, as well as those obtained with W12a and AGE1. In general, volume rates lie within ± 4 
km³ / yr. Integrated over the basins, the end members of the REGINA ensembles exhibit similar 
volume rates independent whether a posteriori smoothing is applied or not (see VR [AD-4]).  

There is a pronounced positive volume change (basins 11 & 12, East Antarctica) associated with 
the strong uplift anomaly in the western part of Wilkes Land (for a comparison of spatial patterns 
see VR, Fig. 4.1 and 4.2 [AD.4]). However, since none of the published GIA estimates contain this 
anomaly, it is most likely a signature of poorly removed surface-mass changes (see VR [AD-4]). A 
further discussion on identifying this anomaly as being elastic or viscoelastic is given in the 
following section. 

A strong negative volume rate of ca. -3 km³/yr is estimated for basin 3, Coats Land, East Antarctica, 
which is consistent with W12a, as discussed in [AD4]. However, W12a and AGE1 produce 
considerably stronger uplift for the continental areas south of the Filchner-Ronne ice shelf (basins 
1 and 2) than the REGINA estimates, which are close to zero for these basins (slightly positive for 
hL: 200 km). 
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Table 4.1  Rate of volume change (km³/yr) obtained from CryoSat-2 data for the years 2011 to 
2012 (courtesy of V. Helm, AWI), as well as the elevation rate corrections for GIA based on the 
two end members of GIA simulations (Sim. 29 and 59) identified in Appendix A1 (IAR [AD-5]).  

 

Basin Volume rate (km³ / yr)  

REGINA CryoSat-2 R000-030 DL R000-200 no DL 

  dV/dt err dV/dt dV/dt dV/dt filt. dV/dt dV/dt filt. 

1 -29.6 0.5 0.1 -0.2 0.2 0.3 

2 -41.6 0.2 0.5 0.4 0.6 0.7 

3 -55.1 0.1 -3.1 -2.7 -3.1 -2.8 

4 3.4 0.2 -0.2 -0.2 -0.2 -0.2 

5 88.3 0.2 0.4 0.2 0.4 0.2 

6 126.6 0.2 0.2 0.1 0.2 0.1 

7 54.8 0.3 0.5 0.3 0.5 0.3 

8 53.9 0.4 0.5 0.2 0.5 0.2 

9 -17.1 0.1 -2.2 -1.9 -2.1 -1.8 

10 1.8 0.2 -0.4 -0.2 -0.4 -0.2 

11 62.0 0.2 3.5 2.9 3.5 2.9 

12 -13.5 0.3 2.4 2.1 2.4 2.2 

13 75.2 0.3 0.7 0.6 0.7 0.6 

14 26.0 1.8 0.3 0.1 0.2 0.1 

15 8.6 1.1 -0.4 -0.1 0.2 0.2 

16 3.0 0.5 0.3 0.3 0.3 0.4 

17 -16.9 0.9 0.8 0.9 0.9 0.9 

18 24.3 0.2 1.4 0.9 0.7 0.7 

19 10.0 0.1 0.0 0.1 0.0 0.2 

20 12.7 0.2 -0.2 0.0 0.1 0.1 

21 -72.5 0.2 0.3 0.1 0.3 0.2 

22 -74.3 0.1 -0.5 -0.4 0.0 0.0 

23 -11.2 0.2 -0.7 -0.3 0.0 0.0 

24 -4.2 1.2 0.4 0.6 0.6 0.5 

25 5.8 1.3 0.5 0.2 0.3 0.1 

AntIS 220.7 3.1 5.3 3.8 6.8 13.3 

 

When summed up over the entire continent, volume rates for the REGINA models lie between 3.8 
and 6.8 km³/yr, similar to W12a (5.0 km³/yr) and AGE1 (10.0 km ³/yr). Compared to a volume rate 
on the order of 200 km³/yr (CryoSat-2; 2011 to 2012, this correction appears to be of secondary 
importance. 

5.2 Magnitude of uplift for “thin” lithospheres 

For simulations with lithosphere thicknesses from 30 to 90 km, high spatial frequencies constitute 
a large part of the total signal. This means, that when adopting this kind of Earth structure, 
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degrees and orders > 35 have to be included to reproduce correct uplift rates. Since the GPS uplift 
rates are local measurements and not spatially smoothed, limiting the viscoelastic kernels to low 
degrees and orders or smoothing them, is likely to introduce a bias when fitted to the GPS rates. 
However, whether the limited resolution of the GRACE trend, upon which these GIA estimates are 
based, allows estimating signals in this high spectral range remains debatable. In this instance, 
converting the viscoelastic kernels of the geoid-height to those of the radial displacement is similar 
to a high pass filtering of the smoothed gravity signal, amplifying the noise and generating 
spurious signals. Possibly, linear trends derived from GOCE/GRACE combined solutions may result 
in higher spatial resolutions, which are useful in this context (e.g. Bouman et al. 2014); however, it 
remains questionable whether newly revealed spatial patterns may be a result of the band-pass-
filtered GOCE and GRACE gravity gradients, opposed to a true increase in resolution. 

5.3 Effect of ductile layer 

The presence of the ductile layer influences only the high degrees and orders of the deformation 
spectrum; as shown in [AD3] it localizes deformation and amplifies the magnitude of uplift rates. 
However, as visible from Fig. 2.1 it is irrelevant for the predicted geoid-height change. As a 
consequence, the ductile layer matters for interpreting GPS rates (e.g. the high uplift rates 
observed in the Amundsen Sea Sector), but there is no information contained in the gravity field 
data, upon which the estimate is also based. This could lead to spurious signals in regions where 
there is no GPS rate available, and where only GRACE data is used. A possibility to avoid causing a 
bias when considering local GPS rates and at the same time overcome introducing spurious signals 
is presented by a posteriori filtering of the resulting deformation fields (Fig. 4.1). Further 
investigations are necessary to support the plausibility of the fine-scale GIA signatures recovered. 

6 Concluding remarks 

6.1 Impact on CryoSat-2 and GRACE  

Typically, rates of elevation change from altimetry are on the order of cm/yr to m/yr. In contrast, 
the GIA signals for Antarctica show uplift rates of a few mm/yr, maybe up to a few cm/yr 
considering the extreme cases of a thin and weak Earth structure. Therefore, it is not surprising 
that GIA is not a primary correction or uncertainty for the CryoSat-2 data, even though, regionally, 
the GIA signal can exceed ca. 10 % of the inferred volume rates (Table 4.1). The impact on GRACE 
mass balances is considerably larger (30 %; details see [AD-4]). Ideally, both data sets are used to 
separate present-day ice-mass balance and GIA, as it has been undertaken in this project.  

Nevertheless, it should be kept in mind that altimetry; gravimetry and GPS data set are very 
different in terms of the recovered processes, spatial scales, spatial and temporal sampling, noise 
characteristics and systematic uncertainties. It is of primary importance to understand these 
characteristics in order to produce, e.g. a reliable reconciled estimate of Polar ice sheet mass 
balance. 

6.2 Limitations of the data sets 

The combination approach involves three different types of data; dh/dt from altimetry, dm/dt 
from GRACE and du/dt from GPS station records. Among these three data sets, dh/dt from 
altimetry poses the largest contribution to the uncertainties of the inferred GIA estimate (IAR [AD-
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5]). One reason is the sampling problem; this uncertainty was reduced to some extent by 
combining ICESat (high accuracy in coastal regions) and Envisat (smaller bias in central Antarctica).  

The second problem is the conversion of elevation rates to mass rates; in our approach, outlined 
in Section 3, the first-order assumption is that the elevation changes are related to ice changes; 
the assumption is then corrected using the GPS data, which allows us to solve for the unknown 
density. Clearly, this approach can be refined by including output of a firn-compaction model or 
other a-priori information, as it is limited to the locations of the GPS rates. 

Uplift rates derived from long-term and high-quality GPS records remain sparse in Antarctica. 
Clearly, the longer the time series the better it allows recovering GIA. Moreover, at many GPS 
sites, only campaign measurements are available, making further analysis necessary on how inter-
annual accumulation variations influence the derived rates and thus the GIA estimate.  

The GRACE trends appear not to be a major limitation in the combination, as its temporal and 
spatial coverage and accuracy is greater than those of the other data sets. However, its main 
limitation is the coarse spatial resolution and principal problem of leakage, which currently limit 
our ability to derive small-scale GIA signatures with a high level of confidence.   

6.3 Interpretation of GIA signatures 

The inferred GIA signatures resemble published GIA predictions for Earth structures with a thick 
elastic lithosphere. For a thin elastic lithosphere and for including a ductile layer, the uplift 
signatures are significantly stronger in magnitude and of finer spatial scale. Although it was shown 
that these signatures are possible to obtain in coupled ice sheet / solid Earth simulations (IAR; [AD-
5]), they are inferred at the very spatial limit of the input data sets.  

Further work is needed to validate these signatures, and also to interpret the associated ice load 
changes necessary to produce these signals. In addition it is necessary to refine the elastic 
deformation kernels according to the structural setting of Antarctica.  
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