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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-2 
due to glacial-isostatic adjustment (GIA) for Antarctica, employing multiple space-geodetic data 
and numerical modeling. This document is the Scientific Roadmap (SR), defining the strategic 
actions for fostering a transition and augmentation of the target methods and model developed in 
the project. 

The document is separated into two main sections; Section 1 presents short-term aims that can be 
achieved with the existing consortium, considerably advancing with the results of REGINA. Section 

2 presents longer-term perspectives on open issues at the boundary between cryospheric and 
solid Earth research fields. 

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. 

[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 

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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http://dep1doc.gfz-potsdam.de/documents/56
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http://www.regina-science.eu/
http://dep1doc.gfz-potsdam.de/documents/61
http://dep1doc.gfz-potsdam.de/documents/61
http://www.regina-science.eu/
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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. 

1 Short-term wins with REGINA Phase 2 

1.1 Refinement and extension of input data sets 

1.1.1 Ice sheet topographic change 

Reduce uncertainties in altimetry dh/dt field 

The dominant source of error in the final GIA solution was due to uncertainties in the dh/dt field 
(Fig. 1.1 and 1.4). This was partly due to outliers that could be better isolated in a filtering stage 

and partly due to the way that the ICESat and Envisat data were combined. It is, however, also due 
to the fact that, even combining both data sets, significant gaps in coverage remain, especially in 

the Antarctic Peninsula. This can be addressed with the aid of CryoSat-2 data, which provides both 
improved spatial and temporal coverage compared with the ICESat/Envisat combination used 
here. In addition, a more sophisticated interpolation approach (Hurkmans, 2014) will reduce 
uncertainties introduced by data gaps.  

 

 

Fig. 1.1: Rate of radial-displacement induced by a) GIA as inferred within REGINA and the b) 
associated uncertainty. The uncertainty is dominantly caused by the altimetry data set and 

exceeds the inferred GIA signal in several places. Since the GIA signal is in agreement in with 
modelling results, this suggests that the altimetry uncertainties are overestimated. A refined 

estimate is part of the proposed REGINA Phase 2.  

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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Improve snow-/ice-density assumption in regions without GPS 

In the original phase of the project we made no assumptions or constraints on the spatial and 
temporal variations in the density of the volume changes. Several approaches are available (e.g. 

see Fig. 1.2), but we need to implement an approach that is both robust and operational. This 
largely precludes the use of regional climate models—a common approach that has been used in 

several studies—because these models are not routinely available and are dynamic: i.e. are 
constantly evolving. Instead, we propose using an operational and readily accessible product, ERA-

Interim, to determine the contribution to the volume change due to changes in snowfall. These 
data can also be used to drive a simple firn compaction model (e.g. as used in Hurkmans, 2014) to 

produce a first order correction for firn compaction. Additionally, we can employ the surface 
velocity field from InSAR, that is also a freely available product to identify areas where dynamic 
losses are dominant versus areas where snowfall variability is dominant. 

Extend altimetry time series with CryoSat-2 

CryoSat-2 has a number of advantages for the application here. As mentioned, its spatial and 
temporal coverage is better and it is a single sensor and we do not, therefore, need to deal with 
biases between dh/dt estimates from different instruments. Second, it is currently the operational 
satellite for this application. It overlaps sufficiently with GRACE, covers a larger proportion of 
active GPS stations, compared to its predecessors and its current projected lifetime is at least 
2020. It will likely, therefore, overlap with GRACE follow on. The demonstration of the use of 
CryoSat-2 for this application is, therefore, highly desirable and a key goal for REGINA phase 2.  

 
 

 

Fig. 1.2: Density assumptions for a) surface processes and b) bedrock movement as applied in 
Gunter et al. 2014. The density assumption for bedrock deformation was considerable 
improved within REGINA Phase 1. To refine the surface-process densities to improve the 
volume to mass conversion of the altimetry data set is part of the REGINA Phase 2. 
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1.1.2 GPS deformation time series 

Three related challenges currently limit the state of the art in producing/using GPS-derived uplift 
rates in Antarctica. They are each amenable to significant advance for relatively little effort. The 

first concerns the most effective strategy for assimilation of data and their associated 
uncertainties, which may be very large if they are based on small amounts of campaign-mode GPS 

data. This is particularly relevant for isolated GPS sites (e.g. MIRN in Wilkes Land). The question 
here is of the appropriate weighting to give such data.  A related issue is the converse situation, 
where there are clusters of nearby GPS sites showing diverse uplift rates (Fig. 1.3).  In these cases 
(e.g. the Transantarctic Mountains) the issue may be that of heterogeneity in the true surface 
displacement field which is either not captured fully by the model or may be misrepresented by 
the co-registration of GPS data and model grids.  Again, the question is how best to weight and 
assimilate such GPS data, either individually or as a group.  The third issue is of the overall 

coverage of GPS data, which continues to improve as more sites are deployed and become 
available in the public domain and as their time series lengthen allowing more robust velocity 

estimation.  

 

Fig. 1.3: Distribution of GPS sites with data available to REGINA. The inset shows the locations of 

sites close to the Ross Ice Shelf that are in close proximity but show significant differences in 
the uplift rates. 

To address these challenges we suggest further research into the realistic weighting of campaign 
GPS data based on likely human and analysis errors and the time-span of available data.  We also 
propose resampling and cluster analysis of the GPS uplift rates, in concert with analysis of the 
variability of the model uplift field.  Finally, additional GPS processing of new sites which have now 
become available for the first time (or for longer time spans), or are likely to do so within the near 

future, will significantly improve the utility of the GPS dataset. 

1.1.3 Temporal linear trends in the gravity fields 

One of the main conclusions from REGINA Phase 1 regarding gravity trend estimates was the fact 
that the differences among different releases computed by different processing centers are much 

larger than the formal errors derived from the standard deviations associated with the gravity field 
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time series (Fig. 1.4). Based on a yearly test data set, it could be shown that by including 

covariance information in the frame of the trend estimation the striping could be significantly 
reduced. Additionally, correlations of errors change over time, which so far have not been 

considered when deriving trend estimates. Therefore, the main challenges of REGINA Phase 2 are 
on the one hand to increase the robustness of gravity trend estimates, and on the other hand to 

provide a more realistic error budget. 

 

 

Fig. 1.4: Uncertainty entering the combination; a) formal uncertainty obtained by the propagation 
of GRACE errors, b) difference in temporal linear trends to two GRACE releases and c) 

uncertainty of elevation rate field from altimetry. It is visible that the altimetry uncertainties 
are the dominant source of uncertainty for the combination undertaken in REGINA Phase 1. In 

addition, the formal uncertainties appear to underestimate uncertainties, as indicated by the 
empirical uncertainty estimate obtained by the solution differences. To refine this GRACE 

uncertainty and assess different GRACE releases is part of REGINA Phase 2. 

In contrast to the period of the first phase, recently full covariance information for monthly 
estimates has become available from at least two processing centers CSR and TU Graz. With ITSG-

GRACE2014 also a new release of the former ITG-GRACE2010 model is available since a few weeks. 
Therefore, in response to the above-mentioned challenges, refined GRACE trends shall be 

estimated for alternative GRACE releases, including full variance/covariance information. 
Meanwhile, also newest data from recent months could be used, thus prolonging the time series. 
Based on these adaptations and modification, more robust gravity trends and more reliable error 
estimates shall be derived, resulting in a more realistic error budget for the final GIA estimate.  

1.2 GIA modelling 

The GIA modelling part of REGINA Phase 1 revealed that very high and localized uplift rates can be 

achieved in the presence of a thin lithosphere, more even if a ductile crustal layer (DL) is included. 
The viscoelastic kernels underlying the joint data inversion cover this range of “weak” Earth 

structure, and, as a consequence produce fine-scale GIA signals (Fig. 1.1 and Fig. 1.5). To validate 
this signature also from a glaciological point of view, simulations were undertaken with a complex 

coupled ice sheet / solid Earth model; these showed that such fine-scale signature are in general 
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possible with a realistic ice-dynamic forcing. It remains to be explored in REGINA Phase 2 whether 

this forcing is supported by actual glaciological evidence. 

 

  

Fig. 1.5: Forward simulation of GIA in response to the glacial evolution of Antarctica (Pollard & 
DeConto, 2012; courtesy of D. Pollard, Penn State Univ.) for an elastic lithosphere of a) 60 km 
and b) 120 km. It is visible that fine-scale structures of radial displacement are produced for 
thin lithosphere, present also in the REGINA Phase 1 GIA estimate (Fig. 1.1), but not 
represented by conventional GIA model (not shown). Further simulations of this kind are 
necessary to determine whether the ice loads exciting this fine-scale GIA is plausible, which is 
part of REGIN Phase 2. 

In REGINA Phase 1 an separate viscoelastic structure for East and West Antarctic was realized, 

which already represents an advance with respect to previous studies (e.g. Gunter et al. 2014; s ee 
Fig. 1.1). Further constraints on the lithosphere and mantle from seismic tomography are 

becoming available (Fig. 1.6) that will improve selecting the proper distribution of Earth structures. 
It is therefore, the aim of REGINA Phase 2 to include these additional constraints in the derivation 
of the optimal GIA estimate. 
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Fig. 1.6: Lithosphere and mantle structure beneath Antarctica, as inferred from seismic 
tomography; a) Moho depth and b) and c) estimated viscosity at 120 km and 240 km depth, 

respectively. Courtesy of D: Wiens, Washington University in St. Louis, taken from presentation 
at West Antarctic Ice Sheet Workshop, 2013, Washington 

1.3 Development of final product 

Aim of REGINA Phase 1 was the development of a proto-type GIA estimate for Antarctica. To 

explore the sensitivities to the Earth structure, viscoelastic parameters were varied, which created 
an ensemble of GIA estimates. In addition, the impact of coverage, filtering and interpolation of 

the input data sets was investigated on the final GIA estimates. The ensemble of plausible 
realization needs to be further assessed and an optimal GIA field including uncertainties need to 

be defined for spreading into the CryoSat-2 and other scientific communities. The assessment 
requires the involvement of all data contributors of REGIN Phase 1.  

To narrow the broadness of the ensemble, REGINA Phase 2 will include additional constraints on 
the Earth structure in data combination scheme (Fig. 1.6); in addition, mantle viscosity and 
lithosphere thickness will be varied within a plausible range. This will reduce the number of 

ensemble members and allow deriving uncertainties. 

The final step then is deriving an optimal gridded GIA product from the tighter constrained 

ensemble of possible GIA estimates. This will be based on determining how reliable the fine-scale 
GIA structures recovered in Phase 1 are, which are missing in conventional GIA predictions. There 

are several possible to determine an optimal gridded GIA field; e.g. including a priori information 
from GIA predictions in combination procedure, combining GIA predictions and the REGINA 

estimates a posteriori, or limiting the REGINA estimate to the lower part of the spectrum. The 
algorithm developed in REGINA Phase 1 is capable to accommodate these approaches. 
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2 Further outlook 

2.1 Improvement with CryoSat-2 data 

For this Algorithm development and demonstration activity, we used a combination of two 
different satellite altimeter missions to achieve adequate coverage in both space and time. This 

was imposed by the sub-optimal sampling in time of ICESat and in space of the Envisat RA-2. In 
addition, statistically significant differences exist between volume change estimates derived from 

radar altimetry and ICESat (Shepherd et al., 2012), while the method for interpolation and 
extrapolation of the point measurements can be sensitive to spatial and temporal sampling when 

data are sparse (Sørensen et al., 2011). Envisat has an 8.5° radius gap at the pole, while for ICESat 
it is 4°. As a consequence, these missions are not ideally suited to implementation of e.g. an 
operational approach for volume change estimation. However, these issues can, potentially, be 
addressed with the use of a consistent single-mission data set with good sampling, such as being 
obtained from CryoSat-2 (CS2). Data from the SIRAL covers a larger proportion of the ice sheet, 
both in the interior, and close to the margins, and, with suitable processing, surface-related biases 
can be minimised to produce a consistent time series of volume change over the ice sheet (Helm 
et al., 2014). Fig. 2.1 shows the un-interpolated, unfiltered mean elevation rates for the years 2010 
to 2013 derived from CS2 L1B data. The ESA Baseline B L2 data produces similar, but slightly 
noisier, results. With the roll out of Baseline C planned for late 2014 the ESA products should have 
reduced noise levels for both SARIn and LRM data. An optimal approach for deriving time evolving 

volume change estimates from these data is under development but is an obvious next step in 
implementing a processing chain for the combination concept developed in REGINA for de-

trended time series to infer snow densities anomalies for different years. CS2 is, however, not 
ideally suited to observing sub-annual signals, which will, therefore, be included in the volume 

trends and may bias annual anomalies. 

CS2 and the volume trends used here both require conversion to mass using some spatially and, 
potentially temporally, varying density estimate as well as correction for firn compaction. The use 
of a (regional) climate model to achieve both these is not uncommon but not optimal due to 

unknown biases in model output and hard-to-define uncertainties. Availability of regional climate 
model output cannot be guaranteed for operational applications, whereas re-analysis data sets 

from, for example, ECMWF are more certain. A simple downscaling scheme and firn compaction 
model could be implemented for operational purposes (Hurkmans et al., 2014). Such a scheme 

could be used, not only here, but also as an operational approach for converting volume changes 
to mass changes from satellite altimetry. Within the next phase of REGINA, density estimates will 

be derived from CS2 and GRACE, and compared to the estimates from regional climate modelling 
and e.g. ECMWF. 
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Fig. 2.1 Rate of elevation change from CryoSat-2 for the years 2011 to 2013 inclusive, using level 
1B data and new surface fitting approach for deriving rates. Coverage is good except for the 
highest relief areas along the Peninsula, Transantarctic Mountains and in areas where there is 

a break in slope, which results in a clustering of the point-of-closest approach (POCA) to higher 
points. 

2.2 GPS solutions in Antarctica 

2.2.1 Bedrock deformation as essential climate variable 

Within REGINA, GPS observations of the related crustal deformations lend themselves as geodetic 
constraints on GIA (Bevis et al., 2009; Groh et al., 2012; King et al., 2010; King et al., 2012; Sasgen 

et al. 2013). The network of GPS observations has been enlarged considerably in recent years but 
remains constrained by the sparsity of rock outcrops and by the difficult logistics. From 
preliminary GPS-based vertical crustal displacement rates, Thomas et al. (2011) concluded that 

none of the GIA models considered (including the widely used IJ05 and ICE-5G models) was 
entirely consistent with the observations. Current problems in Antarctic GPS data used include 
constraints of site data location, time span and availability, and limitations in the processing 
methods used to derive displacement rates from the raw data. As the available observational 
network and site data time span increase, it will become increasingly possible to assess the level of 
sampling error, systematic error and random error in GPS-derived vertical crustal displacement 

rates and to be more effective in the use of these observed rates to validate and test GIA models. 
In the frame of this project we have derived vertical crustal motion rates from the existing set of 

publicly-available GPS data, and more importantly obtained more reliable error estimates by 
ensemble processing of the dataset. In this way, the GPS rates can more robustly be used to 

validate or constrain GIA model. However, future GPS datasets will undoubtedly include more 
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geographic locations, and by virtue of their longer time span at existing sites will allow further 

improvements in accuracy and reliability.  

2.2.2 Long-term deployment plan 

The REGINA project has highlighted the dramatic improvement in accuracy and reliability that is 
achieved when a site is switched from campaign to long-term continuous operation.  This occurs 

not only because of the potential to identify and/or remove present-day elastic loading and 
seasonal effects, but more critically because of the reduced vulnerability to errors in campaign 

metadata.  In a follow-on study, REGINA could identify locations that would benefit particularly 
from the adoption of continuous GNSS. A quantitative assessment on which signals to expect at 

which locations, and which station would be most interesting to turn into a permanent site could 
be undertaken.  

2.2.3 Interannual deformation time series 

GIA models are highly important to constraining our understanding of surface mass balance in 
Antarctica (e.g. Shepherd et al. 2012, King et al. 2012). However, models of Antarctic GIA are still 
undergoing rapid development and evolution, and GPS is a vital tool to constrain the models (e.g. 
Argus et al. 2014, King et al. 2010). While understanding GIA under the large central ice sheets is 
quantitatively most important, no useful measurements of height change can be made on/through 
the ice. This means our understanding of GIA has to be achieved by modelling and understanding 
GIA and ice level history in the peripheral regions and the few places inland where rock emerges. 
However, many of the peripheral regions of Antarctica are undergoing substantial current change. 
Recent research shows these loading changes can cause elastic, and in some areas, viscoelastic 
reactions (e.g. Groh et al. 2012, Nield et al. 2014).  These short term effects mean that vertical 
rates from campaign/short term GPS data (collected over e.g. three years) may be affected by 
interannual loading changes. Long term consistently observed GPS time series will be thus critical 
to help detangle the different sources of effects and reveal the long term pattern of GIA.  

At continuous GNSS sites, it is possible to evaluate the uncertainty in measuring the secular (GIA-

related) rate of uplift,that is caused by short-term deformation related to recent changes in 
surface mass loading.  Depending on the regional Earth structure and thermal regime, the short-

term deformation may be purely elastic or it may be viscoelastic (Nield et al., 2012; Nield et al., 

2013).  Within REGINA, preliminary estimates of the interannual surface-deformation time series 
were derived from GRACE and the regional climate model RACMO2, and compared to the GPS 

records. Despite the different scales of the measurements, agreement was achieved for regions 
with a strong and large-scale accumulation patterns (Fig. 2.2). However, many stations show large 

deviations in the GPS time series that need to be investigated, even though GRACE and RACMO2 
are generally more consistent; the most likely reason is local signals near the GPS stations which 

need to be understood in more detail.  
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Figure 2.2 Interannual surface-displacement (mm) derived from GRACE (blue; smoothed), RACMO2 
(green) and GPS (red), along with correlation between GPS and RACMO2 for the time period 

2003 to 2010. Best agreement is achieved for VESL, which indicates a depletion in 
accumulation in the middle of the time period. 

For example, PALM is based at Palmer Station, on Anvers Island in the Antarctic Peninsula. The 
general region is mountainous, and the coastline complex, and it is likely that the RACMO pixel 
size and even larger scale smoothed GRACE data are not representing the area in sufficient detail. 
However, there are also uncertainties in the GPS processing. Multipath, together with satellite 
constellation changes which change the observation geometry, has been shown to be capable of 
creating time varying biases in station time series (King & Watson 2010). A potential strategy for 
dealing with this could be to reweight the observations to recreate a more constant observation 

geometry. Despite the general use of snow dome type antennas, there is also the possibility that 
snow may accumulate on the antenna, affecting the signals. Affected data can potentially be 
excluded by looking at the signal to noise ratio (Larson 2013). The antenna mounting has also been 
shown to affect the antenna calibration and most antenna calibrations do not include the 
mounting (King et al. 2012). Finally there remains the issue of undetected errors in metadata. 

2.3 Gravity field observations 

2.3.1 GIA constraint from static GOCE gravity field 

High-resolution static gravity field models can be used to constrain GIA models (e.g. Tamisiea et al. 

2007). This requires additionally high-quality digital terrain models (DTM), ice density and bedrock 
topography to reduce the near-surface signal. As a first step, this could be done in an iterative 

forward-modelling approach. 
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The high-resolution gravity field models should be based on all available satellite data in the form 

of a data combination of GOCE, GRACE, CHAMP and SLR, as they are realized, e.g., by the GOCO -S 
(Pail et al. 2010) or EIGEN-S models (Förste et al. 2013). In order to cover the signal below 70-80 

km wavelength and to avoid omission errors, these satellite-only models should be enriched 
regionally by Antarctic surface data and potentially also with synthetized gravity from a high-

resolution DTM (e.g., Hirt 2013), ICEBridge (http://www.nasa.gov/mission_pages/icebridge/)  as 
well as satellite altimetry data in the surrounding oceans. After reduction of the near-surface 

signals, ideally the static GIA anomaly (which is expected to be in the order of 10-20 mGal) plus 
very long-wavelength deeper mantle signals remains.  

 

Figure 2.3 Free-air gravity anomaly (mGal) over Antarctica a) induced by GIA and b) for GOCO 
release 5 (please note different range of color bars); GIA simulation based on the coupled ice 
sheet / solid Earth model (Table 0.1, [AD-3]).  

Fig. 2.3 shows the static gravity fields anomaly derived in REGINA using fully coupled ice-sheet / 

sold Earth model (Pollard & DeConto 2012, Martinec, 2000; courtesy of H. Konrad, GFZ). It is 
visible that the uncompensated dynamic signal from GIA is on the order of 10 to 20 mGal per year; 
for comparison the GOCE gravity field is shown (unfiltered, spherical-harmonic degree and orders 

0 to 250). It is obvious that the data sets used in the above reduction steps need to be known with 
a very high level of accuracy.  

A more challenging alternative to an iterative forward procedure is to use regional combined 
gravity field models as constraint of a gravity field inversion. Target quantities are on the one hand 

the bedrock topography and correspondingly ice thickness, thickness of the sedimentary layers, 
water column thickness and, finally, the Moho depth. Although these signals overlap, they can be 

at least partly separated by different spectral ranges. The ice-bedrock boundary surface shows a 
considerably higher density contrast and is expected to generate higher-frequency gravity field 
variations than the Moho. In order to reduce ambiguity of the inversion, in-situ constraints such as 
the information of the grounding line and ice thickness measurements should be used.  

http://www.nasa.gov/mission_pages/icebridge/


 
SR 

Ref. REGINA_D5_2_issue_2.2 

Date 2014-12-21 

Page 16 of 28 
 

In parallel, one should couple this static structure model with a dynamic process model as it has 

been further developed in the frame of this project. The static gravity field signal can be used as a 
constraint to validate the GIA predictions, and parameters such as the load history could be 

adjusted to it. 

2.3.2 Improvement of GRACE trends 

The improvement of GRACE trend has several aspects: de-aliasing techniques, length of time 
series, and combination of GRACE data with additional gravity field information. 

2.3.2.1 De-aliasing techniques 

The quality of mass trends derived from GRACE in terms of spatial resolution and accuracy strongly 

depends on the post-processing strategy applied to the monthly solutions. Common strategies in 
post-processing are using filters such as isotropic Gaussian filters or anisotropic filters such as 

Swenson & Wahr (2006) type ones. One step further is to include variance and covariance 
information provided by GRACE processing centers. A review of l iterature shows that this is not 
commonly done so far. There are preprocessed, or in other word pre-filtered, solutions available 
taking covariance information into account such as DDK series by Kusche et al. (2009), but these 
solutions are sparsely spread. 

Analysis shows that a further improvement of trend estimates can be achieved by anisotropic 
filtering using full covariance information and taking into account known resonance bands 

described, e.g., by Murböck et al (2013) for filtering available GRACE s olutions. Another benefit of 
taking into account covariance information and therefore the correlations among the coefficients 

is, apart from filtering, resulting trend estimates that are closer to reality. Analysis showed (cf. IAR: 
stepwise processing of GRACE, monthly weights) that disregarding covariance information and 

variations in the quality of the monthly solutions (as it is mostly done in trend estimation from 
GRACE data) leads to over- or under-estimation of the accuracy of the monthly solutions used for 

trend estimation, thus leading to an less realistic trend estimate. 

Following the above discussion we propose to further develop refined trend estimation strategies 
exploiting full covariance information for determination of better and more realisti c trend 
estimates. 

2.3.2.2 Length of time series 

Since GRACE has been operational for more than a decade and thus far beyond initial 
specifications, a continuation of the mission in healthy operational status for longer timeframes 

like years cannot be expected. GRACE Follow on (GRACE-FO) can be expected to be launched not 
before August 2017. In order to provide a continuation of time series and a connector between 

GRACE and GRACE-FO bridging technologies are necessary. 

For this purpose precise kinematic orbit information of low earth orbit (LEO) satellites, providing at 
least long wavelength signals of gravity field observations, can be used, such as the satellite 
formation Swarm. Wang (2011) and Wang et al. (2012) predicted, based on a numerical Swarm 

simulation, that temporal gravity fields can be resolved up to SH degrees 6 to 10 from GPS orbit 
information. Prange (2011) confirmed these findings based on real CHAMP data and estimated 

mainly annual temporal gravity field changes, while trend estimates were weak. More stable 
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trends and annual signals up to degree 10 were derived from CHAMP data by Weigelt et al. (2013), 

by parameterizing a zero-mean stochastic component by linear trend and annual signal in the 
frame of a dedicated Kalman filter approach.  

2.3.2.3 Combination of GRACE data with additional gravity field information 

Another option is the use of GOCE gravity field information on monthly basis feed into combined 

GRACE-GOCE solutions with the goal to increase the spatial resolution of trend estimates. Some 
assessments in this respect had been done (Bouman et al , 2014), but GOCE data are available for 

a short time period of only 4 years, and the extraction of temporal gravity field using a global 
parameterization such as spherical harmonics is still experimental. 

2.3.3 Benefit of follow-on and next-generation GRACE-type gravity missions 

The GRACE Follow-On mission is approved and scheduled for launch in August 2017. This promises 

a time series with a total length of 20 years or longer, even if it might have a gap prior to 2017. The 
mere prolongation of the time series will significantly reduce the uncertainty of the derived linear 
trend. According to rough statistical considerations, a prolongation from 12 to 20 years reduces 
the error STD of the linear trend by more than 50%. This improved accuracy would translate into a 
higher achievable spatial resolution. 

Initiatives are under way for gravity missions beyond GRACE-Follow-On, that is, on a 2030+ 
perspective and possibly including more than one pair of satellites. Such missions could allow the 

determination of the time-variable gravity field 10 to 100 times more accurately than with GRACE. 
This improvement would again translate into a better spatial resolution of up to a factor of two.  

The separation between ice mass signals and GIA signals in Antarctica is to a large extent a 
problem of spatial resolution. The different spatial characteristics of ice mass changes and GIA 
could guide distinction between the two effects if only these characteristics could be explored 
from a higher resolution gravity field trend. Even though REGINA has shown that for a weak 
lithosphere structure and low asthenosphere viscosity, small-scale GIA signals can be obtained, 
which are more difficult to distinguish by their spectral content from present-day ice-mass 
changes. Therefore, the benefit is particularly high for the part of GIA that extends into the 
oceans, by typically 200 km. Despite the absence of ice mass change there, the limited spatial 
resolution of current GRACE trends and the associated leakage from ice mass signals into the 

ocean prevents the identification of GIA in these oceanic regions. If long-term trends could be 
observed with about 2 mm w.e./yr accuracy at 150 km resolution (which is in the range of 
thinkable future missions), then a separation would be feasible.  

2.4 Elastic and viscoelastic kernels 

So far, REGINA uses elastic kernels that rely on the elastic parameters according to the Preliminary 
Reference Earth Model (PREM; Dziewonski & Anderson, 1981), which represents an average Earth 

structure. Regionally, however, the crustal structure and the associated elastic parameters may 
vary. A natural next step would be to account for these differences in the modelling of the elastic 

kernels (Section 4.1).  

Another simplification undertaken in REGINA is to employ one-dimensional viscoelastic kernels. 
Even though the different lithosphere and viscosity structure between East and West Antarctica is 
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considered by employing viscoelastic kernels based on different sets of parameters,  this approach 

neglects the lateral transmission of stresses between regions of different viscosity. This can only 
be resolved by full three-dimensional solid Earth modelling; results for 2D simulations are 

presented in Section 4.2. 

2.4.1 Regional elastic modelling  

Elastic deformations to loads on the Earth surface are usually calculated from a spherical earth 
structure like PREM or the Bullen model (Farrell, 1972). Recently, Wang et al. (2012) discussed the 

influence of changing the elastic parameters in the crust on surface-load Love numbers and 
Green’s functions. Therein they showed that for small-scale loads, deviations in the near-field can 

be substantially.  

 

Figure 2.4 Crustal thickness (km) after Tessauro et al. (2012) 
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Figure 2.5 Green’s functions for radial displacement due to a point load for different Earth 

structures: Black denotes the classical Farrell model, orange denotes the response of the 
alternative AK135 structure, blue and green show the variability on the whole globe and over 

land, respectively, using the crustal structure of Tesauro et al. (2012) shown in Fig. 2.4. Due to 
their representation as a global 2D field of transfer functions in addition to the mean (solid), 

also the total range (dashed and dotted) and for the land data the standard deviation as error 
bars is shown. 

Considering the laterally heterogeneous crustal structure of Tesauro et al . (2012) shown in Fig. 2.4, 
we found substantial differences in the Green’s functions representing the response function for a 
defined Earth structure. Fig. 2.5 (Dill et al., 2014, Geodetic Week Potsdam) shows the variability of 
the vertical displacement, globally and over land, compared to the Green’s functions of the two 
global mean Earth structures of Farrell (1972) and AK135 of Kennett et al. (1995). For angular 
distances between the load and the observer > 2° the deviations of the Green’s functions are 

negligible; however, for smaller distances, the deviations are significant. The bar at an angular 
distance of 0.125° shows the near field resolution of the hydrological loading model LSDM (Dill, 

2008, STR08/09, GFZ Potsdam). RACMO2 has a resolution of about 0.25°, while altimetry 
measurements (and the ice-dynamic processes captured) provide a resolution of well below 
0.125°. Therefore, in view of activities related to improve the crustal structure below Antarctica, 
improvements will directly map into the modeling of elastic loading responses at GPS sites in 
Antarctica. 

2.4.2 Effect of a 2D viscoelastic Earth structure 

Lateral heterogeneities of lithosphere structure are prominent due to the dichotomy between East 
and West Antarctica. Furthermore in West Antarctica, strong gradients in viscosity are anticipated 
from geodynamic understanding and the tectonic setting. A prominent example is of course the 

Refined Solid Earth Response to short-term Surface Loading 
Geodätische Woche 2014 Berlin, 09 Oktober 2014 
Refined Solid Earth Response to short-term Surface Loading 
Geodätische Woche 2014 Berlin, 09 Oktober 2014 
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Antarctic Peninsula where very low viscosities are predicted assuming a one-dimensional Earth 

structure (Nield et al., 2014). 

 

Figure 1.6 Vertical surface displacements for a linearly increasing load and different earth models. 
The problem is rotational symmetric around the origin, the earth models differ by different 
extension of the central low viscosity zone (LVZ) into the surrounding upper mantle shown by 

the vertical bars at the top of the figure. The cross section with the vertical extension of the 
LVZ is shown on the right and below the actual colatitudes of the different earth models is 

repeated 

To what extend lateral heterogeneities might influence such inferences is still under debate. As an 
example we discuss a simple geometry (Klemann et al., 2013, IAG Potsdam). Fig. 2.6 shows the 
different responses to a linearly increasing load for Earth models with a low viscosity zone, which 

extends to different widths into the surrounding material. The simple set up is rotational 

symmetric at the origin. The two effects which control the displacement in this experiment are the 
material transport, which is hindered by the surrounding higher viscous material; and the 

possibility for the material to be displaced upwards around the load, which is controlled by the 
flexure of the lithosphere. It is evident that the displacement at the fore-bulge strongly depends 

on the considered material distribution, but also in the central part, the ongoing loading results in 
quite different responses. In order to interpret the viscoelastic response in such regions like the 

Antarctic Peninsula, lateral variations should in future be considered in sophisticated modeling. 
This is especially important when studying recent loading processes as the different behavior 

especially appears for transient processes. 

2.5 Synergetic data processing and combination 

2.5.1 CryoSat-2: backbone of gap filler between GRACE and GRACE-FO 

Within REGINA, an algorithm was developed to combine altimetry, gravimetry and GPS 

observations in order to separate ice-mass changes and GIA. This algorithm is applicable to other 
problems, such as estimating the density structure from GRACE & CryoSat-2 data (Fig. 2.7). 
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Figure 2.7 Rate of equivalent water-height change for the years 2011 to 2012 from a) GRACE and 

b) CroySat-2, assuming a uniform snow/ice density of 910 kg/m³ over the Antarctic continent. 
Both data sets were filtered with a Gaussian filter of 330 km.   

Currently, the gravimetry data is included with a spatial resolutions of ca. 200 km, while the GPS 
data is included as unsmoothed and local measurement. This ability to incorporate data of 
different spatial resolutions is a great advantage of the approach taken in REGINA, e.g. for 
including long-wavelength gravity field observation derived from Satellite Laser Ranging (SLR) or 

Swarm data in the inversion. An example, Fig. 2.8 shows linear trends in the GRACE data with the 
current and filtered to a much lower resolution. The user display is part of the prototype GFZ mass 
variations explorer, which is dedicated to conveniently explore the mass variations in a global 
context, for different filtering, removals of subsystem mass variations and more.  
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Figure 2.8 Visualization of GRACE gravity field trends for GFZ RL05 (left) and CSR RL05 (right) for 

different levels of spatial smoothing with the prototype GFZ mass variation explorer (Sips et al. 
2014, submitted). The bottom figure represents the gravity field trends of only the very low 

degrees and orders, as may be retrievable from SWARM GPS orbit information in the gap 
between GRACE and GRACE-FO.  
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The GRACE mission will likely be terminated within the next one or two years to come. The GRACE 

Follow-on mission has been scheduled for the year 2017. To provide a gap-filling time series of 
mass change from available satellite data, primarily CryoSat-2, Fig. 2.9 shows possible concept for 

combining GPS, low-wavelength gravimetry and CryoSat-2 data based on the existing REGINA 
algorithm. Backbone data set are height changes derived from CryoSat-2; these are combined with 

GPS time series of elastic deformation to increase the spatial and temporal resolution; long -
wavelength gravity fields observation provide a check-sum for the closing mass budget on a month 

to month basis.  
 

 
 
Figure 2.9 Concept of applying the REGINA algorithm for the operational estimation of the mass 

time series for the Polar ice sheets, based on CryoSat-2, GPS and SLR / SWARM data. Due to 
the overlapping of GRACE and CryoSat-2 measurements, GRACE data can be used as a 
validation data set for the prototype. 

2.5.2 Including Paleo ice-thickness rates 

In the formulation presented in the ATBD [AD-3], scaling factors on the viscoelastic kernels are 
estimated based on GRACE, altimetry and GPS data. On the one hand, these estimated factors 
satisfy as scaling parameters to fit the observed data. However, the geophysical implications of 

these factors reach further; they provide an estimate of the past ice-mass change that has 
occurred in order to reproduce the observed data, depending on the assumed Earth structure. 

Ages of exposed bedrock determined with cosmogenic isotopes, provide evidence of such past ice 
thickness changes, and can be directly included in the formalism derived for REGINA. Fig. 2.10 

shows the location of bulk data of Paleo ice thickness rates, as well as available GPS sites. In 
regions without GPS stations, the Paleo ice thickness rates represent a valuable additional 

constraint on the GIA estimate. In regions with co-located GPS and Paleo ice thickness sites, the 
ambiguity related to the Earth structure can be reduced.  
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Figure 2.10 Location of GPS sites available to REGINA (blue squares) and locations of evidence of 

Paleo ice thickness rates from cosmogenic nuclides (courtesy of Patrick Applegate, Penn State 
Univ.).  

2.5.3 Transient GIA  

Currently, the viscoelastic kernels rely on an equilibrium state of the Earth deformation rate with 

respect to the load rate. This allows to explore the effect of a varying lithosphere thickness (and 
the presence of a ductile crustal layer), thus representing an improvement over the assumption of 

an average Earth structure in Riva et al. 2009 and Gunter et al. 2014. However, transient changes 
in the ratio of surface-deformation and gravity rates are not included, occurring in the loading and 

relaxation phase.  

For a weak rheology this equilibrium is reached faster than for a strong rheology; Fig. 2.11 shows 
the temporal evolution of the ratio of the rate of geoid-height change over radial displacement. If 

we adopt the assumption on the equilibrium state, the implication for the load is that it persisted 
at least until the Earth has obtained equilibrium; for a very low viscosity (1018 Pa s) rheology with 

ductile layer, this is reached within 100 to 200 yrs, implying that load changes before that time are 
fully relaxed and do not produce a GIA signal today. For a high viscosity, the time to reach an 

equilibrium state can be several ten thousands of years. In this sense, the displacement rates 
inferred based on the equilibrium state assumptions are upper limits; higher scaling factors for the 

load and a shorter loading duration produces similar results. 
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Figure 2.11 Ratio of surface displacement over geoid-height rate for different Earth structures, 
without ductile layer (top) and with ductile layer (bottom) for the simulation period up to 100 
yrs. It is visible that, depending on the astenosphere viscosity, the ratio of uplift over geoid rate 
changes until a new equilibrium is reached (not shown).  
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