
 

 
 

 
 

Regional glacial isostatic adjustment and 

CryoSat elevation rate corrections in Antarctica 
(REGINA) 

 
 

Algorithm Theoretical Basis Document (ATBD) 
(D3.1) 

 
 

 
 

The REGINA consortium 
German Research Centre for Geosciences (GFZ) 

Newcastle University (NCL) 
TU München (IAPG) 

University of Bristol (UOB) 
Email: sasgen@gfz-potsdam.de 

www.regina-science.eu 
 
 
 

ESA ITT Ref.: EOP-SA/0175/DFP-dfp 
Tender: AO 1-7158 

Contract-Nr.: 4000107393/12/I-NB 
Issue: 2.2 

Date: January 13, 2015 
Ref.: REGINA_D3_1_issue_2.2 

  

file:///C:/Users/ggjlb/AppData/Local/Temp/www.regina-science.eu


 
ATBD 

Ref. REGINA_D3_1_issue_2.2 

Date 2015-01-13 

Page 2 of 66 
 

Document history: 
 
REGINA_D3_1_issue_1.0: Preliminary version with Part 1 “Data set” (Section 1 through 4) 
 
REGINA_D3_1_issue_1.1: Preliminary version with Part 1 “Data set” (Section 1 through 4), 

including revision by Mark Drinkwater 
 
REGINA_D3_1_issue_2.0: Part 1 “Data set” (Section 1 through 4) revised by consortium according 

to comments by Mark Drinkwater, Part 2 “Combination” (Section 5) preliminary version 
completed. 

REGINA_D3_1_issue_2.1: Final draft version, all changes implemented 
REGINA_D3_1_issue_2.2: Final document for publication 
 
 

  



 
ATBD 

Ref. REGINA_D3_1_issue_2.2 

Date 2015-01-13 

Page 3 of 66 
 

Table of contents 

0 Introduction ..................................................................................................... 5 

1 Determination of ice sheet topographic change & errors ............................... 11 

1.1 ICESat elevation rate determination ............................................................................ 11 

1.2 Envisat elevation rate determination .......................................................................... 11 

1.3 SMB and firn correction .............................................................................................. 12 

1.4 Combination of Envisat and ICESat .............................................................................. 13 

1.5 List of pre-processed data sets .................................................................................... 14 

2 GPS solutions and determination of vertical rates & errors ............................ 16 

2.1 GPS data ..................................................................................................................... 16 

2.2 GPS processing and reference frame alignment ........................................................... 17 

2.2.1 Processing ....................................................................................................................... 17 

2.3 Reference frame ......................................................................................................... 19 

2.3.1 Processing variations ....................................................................................................... 19 

2.3.2 Alignment variations ....................................................................................................... 20 

2.3.3 Other comparison solutions ............................................................................................ 21 

2.4 Rate estimation .......................................................................................................... 21 

2.5 Ensemble discussion ................................................................................................... 22 

2.6 Discussion summary for long-running sites .................................................................. 26 

2.7 Summary of data files ................................................................................................. 28 

3 Gravity trends incl. error assessment ............................................................. 29 

3.1 Preparatory evaluation of different GRACE monthly solution series ............................. 29 

3.1.1 The effect of fixing orbit parameters .............................................................................. 29 

3.1.2 Maximum degree 60 versus 90 (or 96) ........................................................................... 30 

3.1.3 The quest for the proper maximum degree ................................................................... 31 

3.2 Filtering adapted to Antarctic trend estimates ............................................................. 32 

3.3 Account for modelled interannual signals .................................................................... 34 

3.4 Month-dependent error levels .................................................................................... 35 

3.5 Comparison of filtered GFZ and CSR trends an decision on the choice of monthly 
solution series ............................................................................................................. 36 

3.6 Antarctic gravity field trend ......................................................................................... 37 



 
ATBD 

Ref. REGINA_D3_1_issue_2.2 

Date 2015-01-13 

Page 4 of 66 
 

3.7 Error assessment ......................................................................................................... 39 

3.8 Assumptions and limitations ....................................................................................... 40 

3.9 List of Datasets ........................................................................................................... 40 

4 GIA prediction datasets user manual .............................................................. 41 

4.1 Simulation strategy ..................................................................................................... 41 

4.2 Geometrical set-up ..................................................................................................... 42 

4.3 Load model parameters .............................................................................................. 43 

4.4 Earth model parameters ............................................................................................. 44 

4.5 Description of GIA response functions ......................................................................... 44 

4.6 Discussion of selected GIA response functions ............................................................. 46 

4.7 Assumptions and limitations ....................................................................................... 50 

4.8 List of data sets ........................................................................................................... 50 

5 Synergetic data processing and combination methods ................................... 52 

5.1 Combination approach for estimating GIA ................................................................... 52 

5.1.1 Combination of GRACE and Envisat / ICESat................................................................... 55 

5.1.2 Including GPS trends ....................................................................................................... 56 

5.2 Results ........................................................................................................................ 57 

5.2.1 GIA estimate based on the combination of GRACE and Envisat / ICESat ....................... 57 

5.2.2 GIA estimate refinement including GPS uplift rates ....................................................... 58 

5.2.3 Prototype GIA estimate for CryoSat-2 ............................................................................ 61 

5.3 List of data sets ........................................................................................................... 62 

6 References ..................................................................................................... 63 

 

  



 
ATBD 

Ref. REGINA_D3_1_issue_2.2 

Date 2015-01-13 

Page 5 of 66 
 

0 Introduction 

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 Algorithm Theoretical Basis Document (ATBD), 
describing the procedure how the requirement baseline for each individual data set is achieved 
and how the data sets are combined to estimate GIA. 

Applicable documents 

In addition to published literature, the following reference 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 
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 

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://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/
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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 requirement baselines 

Section 1 describes the estimation and combination of altimetry trends from Envisat and ICESat 
presented in [AD-2], meeting the Altimetry baseline requirements AL01 through AL03 stated 
in [AD-1]. The requirement AL04 in [AD-1] (CryoSat dh/dt over Antarctica for 2010-2014) will 
be fulfilled in the context of the Impact Assessment Report (IAR). 

Section 2 describes the procedures followed to 1) determine GPS solutions from the raw GPS data 
detailed in [AD-2] and 2) estimate trends and associated uncertainties meeting the GPS 
baseline requirements GP01 through GP05 in [AD-1]. 

Section 3 details the approach of inferring optimal trends from GRACE gravity fields and analyzes 
their uncertainty, as required in GR03 to GR06 [AD-1]. Investigations of the GOCE static field 
related to GR01 and GR02 [AD-1] are postponed and will be addressed in the Scientific 
Roadmap (SR). 

Section 4 presents GIA forward modelling results of response functions considering the refined 
Earth structure with a ductile crustal layer. The results complete the published GIA estimates 
assembled in [AD-2] according to GI01 and G02 [AD-1], and satisfy the requirement GI03 in 
[AD-1]. Investigations of the static field perturbation formulated in GI04 [AD-1] are 
postponed and will be addressed in the SR. 

Section 5 describes the combination approach applied to the data sets above to infer the GIA 
signal in Antarctica.  

 

Introduction to the concept of combination algorithm 

The algorithm presented here is targeted to retrieve a joint estimate of present-day ice-mass 
change and GIA based on GRACE, Envisat / ICESat, GPS and viscoelastic response functions to a 
disc load forcing. While the details in the required data sets and viscoelastic simulation are given in 
Sections 1 through 4, the theory and application of the algorithm combining these data sets is 
presented in Section 5. 

http://dep1doc.gfz-potsdam.de/documents/70
http://dep1doc.gfz-potsdam.de/documents/70
http://www.regina-science.eu/
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Figure 0.1: 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, 𝑦𝑒 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 present- and GIA, 
allowing for a separation of both components. 

For example, rate of elevation change measured by altimetry will be dominantly caused by present 
changes in the snow/ice column; while bedrock uplift rates will be sensitive both present load 
changes causing elastic and past load changes causing viscoelastic deformation, GIA (Figure 0.1 
and Section 5). On the other hand, changes in the density of the snow/ice column, 𝒎𝒄, are 

measureable as elevation change 𝒚𝒉, but do not induce a gravitational signal 𝒚𝒆 or cause surface 
deformation, 𝒚𝒖. 
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Figure 0.2: Scheme of procedures to obtain the prototype GIA estimate. First, trends are estimated 
from the time series of the data sets and unified in terms of filtering. In Step 1 an estimate of 
the present-day ice-mass changes inferred from ICESat / Envisat are subtracted from the 
GRACE data yielding a firs-order GIA estimate. In Step 2, remaining present-day ice-mass 
changes signals are identified and removed from the GIA estimate, yielding the final GIA 
estimate. The calculations are performed on a geodesic grid and make use of elastic and 
viscoelastic response functions inferred from numerical simulations. 

The first part of the document is related to post-processing the satellite observations and 
estimating the rates of the observables (Sections 1 to 3), as well as deriving kernels relating 
present and past load changes to changes in these observables by numerical modelling (Section 4). 
With these data sets (Table 0.1) and response functions, we follow a two-step procedure (Figure 
0.2) explained in detail in Section 5; first, we assume altimetry captures only present-day ice-mass 
processes, while GRACE contains both GIA and present-day ice-mass changes; subtracting both 
fields yields a first-order GIA estimate, which is then converted to surface-displacement using the 
viscoelastic response function. In the second step, the residual elastic deformation still contained 
in the first-order GIA estimate is determined using GPS data and then removed to obtain our final 
GIA estimate.  
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While this document presents the data sets, the combination algorithm and the prototype GIA 
estimates, an error assessment and validation of the prototype will follow in the Validation Report 
(VR). 
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Table 0.1: Data sets involved in the REGINA project. Required data sets are those relevant for the 
generation of the prototype GIA estimate presented in Section 5, Validation data sets are 
considered for assessing the plausibility of the prototype GIA estimate, which will be presented 
in the Validation Report (VR), succeeding this document, and Ancillary data sets are not 
immediately relevant to the project, but important in a wider scientific context. 

Required data sets Source Temporal 
coverage 

Baseline requirement Comment 

Surface-mass density trends (ye)  
& uncertainties 

GRACE 2003-2009 [GR04] Derived by conversion 
approach 

Surface-elevation trends (yh) & 
uncertainties 

Envisat & ICESat 2003-2009 [AL01]  & [AL02] Combined altimetry 
estimate 

Bedrock displacement rate (yu) 
& uncertainties 

GPS 1995-2014 [GP04] & [GP05] 85 sites with data available 

Elastic and viscoelastic response 
functions  

Numerical 
simulation 

2000 yrs BP to 
present 

[GI03] 58 different combinations 
of Earth model parameters 

Validation data sets  Source Temporal 
coverage 

Baseline requirement Comment 

Firn compaction and SMB rate 
(dh/dt; dm/dt) 

RACMO2/ANT 2003-2010 [AL03] Validation of inferred 
density 

State of the art published GIA 
corrections (du/dt) 

Numerical 
simulation & 
Publications 

Last-glacial 
maximum to 
present 

[GI01] Validation of GIA uplift 
magnitude and location 

Ancillary data sets  Source Temporal 
coverage 

Baseline requirement Comment 

Glacial history Pollard & 
DeConte (2012) 

-40 kyrs to 
present 

Amendment to  
[GI01] 

Validation of fine-scale GIA 
pattern for weak Earth 
structure 

Surface-elevation trends (dh/dt) CryoSat-2 2010-2014 [AL04] For Impact Assessment only 

Static gravity field GOCE 2009-2012 [GR01] For Scientific Roadmap only 

Time series bedrock 
displacement 

GPS 1995-2014 [GP03] Visual quality assessment 
of trend 

Northern Hemisphere GIA 
correction (du/dt; dm/dt) 

Numerical 
simulation 

Last-glacial 
maximum to 
present 

[GI02] Second-order correction of 
GPS, GRACE, altimetry data 
sets 

Static gravity field anomaly due 
to GIA (dm/dt) 

Numerical 
simulation 

2000 yrs BP to 
present 

[GI01] For Scientific Roadmap only 

Surface-mass density trends 
(dm/dt) 

GRACE & GOCE 
combined 

2009-2012 [GR02] Experimental data set 

Time series of surface-mass 
density 

GRACE 2003-2013 [GR03] Assessment of robustness 
of trend 

25 Antarctic drainage basins 
trends (dm/dt)  

GRACE 
(corrected for 
GIA) 

2003-2013 [GR05] For Impact Assessment only 

Interannual surface-mass 
density variation 

GRACE 2003-2013 [GR06] Second-order correction of 
GPS time series 

RINES and SINEX raw data  GPS 1995-2014 [GP01] Raw GPS data 

Time series of bedrock 
displacement corrected for 
interannual variations 

GPS 1995-2014 [GP02] not used 
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1 Determination of ice sheet topographic change & errors 

For the combination of the altimetry datasets, it is necessary to choose a common grid. All 
altimetry and SMB/firn data are gridded in a polar-stereographic projection (central latitude 71°S; 
central longitude 0°W, and origin at the South Pole, WGS-84 reference ellipsoid), with a 10 km grid 
spacing where the grid point defines the centre of a square cell.  

1.1 ICESat elevation rate determination 

We provide ICESat elevation rates (dh/dt) based on release 633 data from February 2003 until 
October 2009 (Abshire et al. 2005) (see also Table 1). 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). We calculate 
values for dh/dt for each 10 km grid cell between February 2003 and October 2009 using linear 
regression. A quadratic term, d²h/dt² is co-estimated for validation purposes, but not further 
considered in REGINA. A plane is fitted through data from several near-repeat tracks within a given 
grid cell. For each plane, which is typically about 700 m long and a few hundred meters wide, two-
directional slopes and a temporal elevation change rate dh/dt are fitted using multivariate linear 
regression (Moholdt et al., 2010). A regression is only performed if a plane has at least 10 points 
from four different tracks that span at least a year. Prior to the regression, outliers (outside 2σ) are 
removed. The standard error on the regression coefficient SEcoef (in this case dh/dt rate) is 
calculated by 

SEcoef =  
√

∑ 𝑒𝑖
2

(𝑛−2)
⁄

∑(xi−xi)2
 (1.1) 

where e is the vector of residuals, n is the sample size, and x is the input with mean x. It should be 
noted that this standard error is not equivalent to the measurement error, but takes into account 
sample size, as well as the variance of both input data and residuals of the regression. No seasonal 
correction is applied. The data are projected to the common grid. . The data files have the 
following format: x (km), y (km), annual dh/dt (m/yr), standard error (m/yr). The latitudinal limit is 
86° S. Grid points without data are neglected. The exact ICESat observation periods are shown in 
Table 1.1. 

1.2 Envisat elevation rate determination 

We use a time series of height changes (relative to a mean height) derived from Envisat radar 
altimetry provided by Flament et al. (2012). They use along-track data, fitting a quadratic surface 
model for slope correction. Corrections on waveform parameters account for different properties 
of the ice sheet surface. The point measurements are gridded onto the common grid.  For 
processing reasons, the temporal resolution is re-sampled from 35 days to monthly periods for 
each grid cell, before estimating the trends. This has a minor effect on the trend estimate (< +-
1cm) and reduces the error by about 14%. The span of the time series used is  the same as for 
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ICESat, from January 2003 to October 2009. For each grid cell, we calculated a linear trend valid 
for the interval January 2003 to October 2009. . For this purpose, we fitted a constant, a linear 
change and a quadratic change. As for the ICESat data, we do not co-estimate a seasonal cycle. 
The southern polar gap of the Envisat data is > 81.5° S. 

1.3 SMB and firn correction 

The temporal linear trends in the elevation derived from ICESat and Envisat are corrected for 
changes in surface mass balance (SMB) and for firn compaction effects using a firn compaction 
model (Ligtenberg 2011) driven by RACMO2/ANT (Lenaerts 2010).The model provides a surface 
layer (z) composed of cumulated SMB anomalies from RACMO, with corrections for firn 
compaction applied.  We derive anomalies for January 2003 to October 2009  with respect to the 
mean of the years 1979 to 1995 and estimate a linear trend. The model data, initially on a grid of 
ca. 27 x 27 km, are re-gridded onto the common grid using nearest neighbor interpolation. The 
regridding error on the trend is < +-1cm, constituting a maximum 2% change.  The temporal 
resolution was re-sampled from every two days  to monthly time periods for every grid cell before 
estimating the trends. As for the altimetry trends, the linear trend is derived by fitting a constant, 
linear, and quadratic terms to the time series. As for the Envisat and ICESat data, no seasonal term 
is co-estimated and removed. The results are shown in Figure 1.1. 

 

Figure. 1.1: Rate of elevation change (m/yr) contributed due to the SMB/firn correction  over the 
period January 2003 to August 2010, as obtained from RACMO2 (Ligtenberg 2011). 

To obtain an altimetry product representing only elevation change driven by ice dynamics and 
bedrock-deformation due to GIA, the surface-mass balance and firn trends (SMB/Firn) are 
subtracted from the Envisat trends. A similar approach is taken for the ICESat data, but for the 
time period February 2003 to October 2009. 

It should be stated, however, that the prototype GIA estimate will rely on altimetry data set 
without SMB and firn trend correction. The approach taken here attempts estimating density-
driven trends in the altimetry data by additionally including GPS data. 
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The errors for the satellite altimetry (SA) product are calculated by  

𝑠𝑡𝑑𝑒𝑟𝑟𝑆𝐴 = √𝑠𝑡𝑑𝑒𝑟𝑟𝐸𝑛𝑣𝑖𝑠𝑎𝑡/𝐼𝐶𝐸𝑆𝑎𝑡  
2 + 𝑠𝑡𝑑𝑒𝑟𝑟𝐹𝑖𝑟𝑛

2    (1.2) 

thus assuming the errors to be uncorrelated, where the standard error on the firn correction is the 
regression error, left after fitting the constant, linear and quadratic terms 

1.4 Combination of Envisat and ICESat 

From the separate ICESat and Envisat data a combined surface-elevation product is generated 
using the following basic approach: 

Using the common grid as a basis, for every grid point 

i. If only one dataset contains the point, use this (filling of gaps) 

ii. If both datasets contain the point, use the one with the smaller standard error (increase 
reliability)  

 

Figure 1.2: Mask for the combination of Envist/ICESat. Orange (light blue) indicates regions where 
ICESat (ENVISat) but no Envisat (ICESat) points are available. Red (dark blue) regions indicate 
areas where ICESat (Envisat) points are chosen over Envisat (ICESat), because of their smaller 
errors.No interpolation is used.  

Figure 1.2 shows the resulting mask underlying the combination; unique ICESat points are shown 
in orange, while unique Envisat points are light blue. ICESat points chosen due to their smaller 
error are shown in red, and the corresponding Envisat points are in dark blue. This way, light blue 
(orange) regions indicate areas where only Envisat (ICESat) points are available. These include the 
larger pole gap (81.5°S latitude limit for Envisat compared to 86°S for ICESat). On the Peninsula, 
Envisat picks up some points that are not present in the ICESat data set. Dark blue regions indicate 
areas where Envisat yields a trend with a smaller standard error than ICESat; red indicates where 
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ICESat outperforms Envisat in terms of trend uncertainty. 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. No interpolation is used in the plots, so 
points without values remain empty. The Envisat/ICESat combined elevation rate data set is shown 
in Figure 1.3. 

 

Figure 1.3: ENVISat/ICESat combined dataset. Shown are the linear trends over the 2003-
2009/2010 period (m/yr). 

1.5 List of pre-processed data sets 

The following data sets represent temporal linear trends in the elevation change of the SMB/firn 
and Envisat/ICESat-combined time series for the time period 02/2003 to 10/2009. The trends are 
estimated for each point of the 10 km x 10 km polar-stereographic projection grid; a quadratic (i.e. 
acceleration) term is co-estimated, while annual cycles are not. The data sets can be found, along 
with a Readme file, in the REGINA data archive: www.regina-science.eu 

 ICESat / Envisat combined temporal linear trends 02/2003-10/2009 (quadratic term 
co-estimated); 
REGINA_altimetry_dh_dt_ICESat_Envisat_combined_no_SMB_corrected_022003-
102009_10K.dat 
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 ICESat / Envisat combined linear trends 02/2003-10/2009 (quadratic term co-
estimated), SMB / firn trend removed; 
REGINA_altimetry_dh_dt_ICESat_Envisat_combined_SMB_corrected_022003-
102009_10K.dat 

 SMB/firn temporal linear trends 02/2003-10/2009 (quadratic term co-estimated); 
REGINA_altimetry_dh_dt_SMB_correction_022003-102009_10K.dat 

Table 1.1: ICESat campaigns and operation periods 

Start Date End Date 
Days in 
Operation 

Laser 
Identifier 

20/02/2003 29/03/2003 38 1AB 

25/09/2003 19/11/2003 55 2A 

17/02/2004 21/03/2004 34 2B 

18/05/2004 21/06/2004 35 2C 

03/10/2004 08/11/2004 37 3A 

17/02/2005 24/03/2005 36 3B 

20/05/2005 23/06/2005 35 3C 

21/10/2005 24/11/2005 35 3D 

22/02/2006 28/03/2006 34 3E 

24/05/2006 26/06/2006 33 3F 

25/10/2006 27/11/2006 34 3G 

12/03/2007 14/04/2007 34 3H 

02/10/2007 05/11/2007 37 3I 

17/02/2008 21/03/2008 34 3J 

04/10/2008 19/10/2008 16 3K 

25/11/2008 17/12/2008 23 2D 

09/03/2009 11/04/2009 34 2E 

30/09/2009 11/10/2009 12 2F 
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2 GPS solutions and determination of vertical rates & errors 

The following sections introduce the GPS raw data available to the REGINA project (Section 2.1), 
list the processing standards employed for determining the GPS solutions (Section 2.2), and 
present how these processing choices were modified to create an ensemble of GPS solutions 
(Section 2.3) with the aim of better assessing uncertainties in the GPS solutions. Furthermore, it is 
described how temporal linear trends and uncertainties are derived from the GPS solution time 
series (Section 2.4). The section concludes with a discussion of the ensemble (Se3ction 2.5). 

The impact of the ensemble parameters choices on the estimated linear trends is discussed in the 
Impact Assessment Report (IAR) [AD-5]. 

2.1 GPS data 

For site velocities to be useful outputs for the REGINA project, the site marker must be attached to 
stable rock, with a minimum of two campaigns in different years (three or more is highly 
preferable to provide a check on systematic errors). For continuous data, the acknowledged 
standard is at least 2½ years of data (Blewitt & Lavallée, 2002). Any Antarctic GPS data collected at 
such a site marker known to a member of the project team was considered for inclusion in this 
project. For those sites included, full lists of: 

• Site names (regina_files_summary.txt, regina_site_archive_snx.txt) 

• Days of unprocessed RINEX format data available per site (filelists.tgz) 

• Metadata for the sites in SINEX format (sinex.tgz) 

• kml format mapping files with approximate coordinates of the sites (kml.tgz) 

• Final uplift rates with coordinates (REGINA_GPS_ds_dt_uplift_rates_coordinates.txt) 

accompany this document. Figure 2.1 shows the general distribution of GPS sites in Antarctica. 

 

Figure 2.1: General illustration of GPS site locations in Antarctica. Red circle – data available. blue 
circle – data currently unavailable, pale blue circle – partial data made available. 
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Sites were excluded from consideration on three main grounds: 

• Likely to represent local instabilities rather than the desired geophysical information 
(volcano monitoring sites on Mt Erebus) 

• The project team was unable to negotiate data access for this project (e.g. POLENET sites, 
Australian National University sites, and sites in the Amundsen Sea region from Groh et al. (2012), 
see Figure 2.1).  

• Insufficient data at a site – any sites with only one campaign were not used.  

There are variations in data quality between sites, and for some of the campaign sites, data was 
discarded for certain years due to insufficient/poor metadata.  

2.2 GPS processing and reference frame alignment 

2.2.1 Processing 

This section describes the common details of the strategy used for the GPS processing. Options 
which were varied to provide an ensemble of solutions will be described in the following section.  

The 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 
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. It was designed to allow flexibility in adding new stations to the analysis, 
while maintaining control of and understanding of the modelling algorithms used in the 
orbit/clock estimation.  Two full runs of global processing (‘global1’, ‘global2’) were completed for 
ensemble purposes. 

General 

Data were processed from 1995 day of year (doy) 002 to 2013 doy 257, in 30hr batches centred on 
each Universal Time (UT) day. A preprocessing PPP step was performed to find and exclude 
days/times where there were problems with the GPS data, producing cleaned GIPSY-OASIS format 
files for input to the global estimation. Decimation to 300 second intervals was performed. The 
processing included elevation dependent weighting of the data and ambiguity resolution. The ice 
based sites at the South Pole, amun and amu2, had a velocity correction applied to the data, to 
allow the 30hr batches to work. JPL reprocessed fiducial IGS08 orbits and products were used for 
the initial PPP run and as input for the global orbit estimation run. The global estimation runs were 
limited to ten iterations, though this limit was rarely needed thanks to the cleaning PPP stage. 
Phase windup was applied according to Wu et al. (1993). Site dependent multipath remains a 
potential source of error. 

Antenna phase centre models 

Both the transmitting satellite antenna phase centres and the tracking receiver phase centres 
need modelling/calibration. Absolute phase centre variation models were used for both satellites 
and receivers (see Ge et al., 2005; Schmid et al., 2007). Initially, tracking antenna calibrations were 
carried outperformed relative to a specific receiver, but absolute robot calibrations in an anechoic 
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chamber were then developed, and the relative calibrations converted where necessary. Updated 
files are released periodically by the IGS and the file used here was igs08_1748.atx. The elevation 
cutoff angle used for the processing was 10 degrees as converted relative calibrations do not 
extend below this point. 

Tropospheric propagation delays 

The processing analysis needs both a priori values of pressure and temperature for the simple 
zenith case and mapping functions describing variation with elevation. For this project local 
meteorological data (pressure and temperature) were used where available and VMF1 
tropospheric mapping functions and a priori hydrostatic delays where local data was not available 
(Steigenberger et al., 2009). 

Atmospheric loading 

Due to a compromise between availability of loading models and consistency between GPS and 
other products it was decided to apply atmospheric loading corrections at the timeseries level 
rather than at the observation level during processing. This should have limited impact on the end 
result (Tregoning & Watson, 2009), and will allow easy removal and/or replacement of the 
correction subsequently if an alternative product is developed which is available for the whole GPS 
time period. The loading correction which has been used is based on NCEP surface pressure data 
and calculated by Tonie van Dam at the University of Luxembourg (van Dam, 2010). It was chosen 
as it is the only available product that extends for the whole length of the GPS time series. The 
correction is available in three variants: centre of mass (CM), centre of figure (CF) and centre of 
solid earth (CE). The appropriate variant to apply to the data before calculating the alignment is 
CM, and we use this variant for the PPP correction also as we are most interested in the long-term 
site motion which is also CM. Files containing time series of the correction at each Antarctic site 
accompany this document. 

Ocean tide loading 

The variation in weight of ocean water loading the sea floor as the tides change deforms the 
adjacent land, causing displacement at certain tidal frequencies. If not modelled correctly aliasing 
can lead to spurious long period signals in the time series (Penna et al., 2007). For this analysis, 
ocean tide loading (OTL) displacements were modelled using the FES2004 numerical ocean tide 
loading model (Lyard et al., 2006). FES2004 is recommended by the IERS Conventions 2010 (Petit 
& Luzum, 2010) and is the preferred global numerical ocean tide model for computing OTL 
displacements.  For Antarctic sites, the amplitude of vertical OTL displacements approaches 15 
mm for the most energetic (M2, K1, O1) constituents.  For these and other constituents, FES2004 
is consistent with OTL computed from other modern global models (TPXO7.2, NAO2004, GOT4.7) 
at Antarctic sites at the 1-2 mm level or better.  The Antarctic regional model CATS2008a can be 
combined with TPXO7.2, but this does not lead to significantly different results compared with the 
other global models.  Therefore, for consistency across all sites in the global GPS processing, we 
chose to use FES2004 throughout. 

Network selection 

To minimize the possibility of errors in one region unduly affecting the estimated orbits, we 
wished to process each day with a network of sites as well balanced around the globe as possible. 
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Where available, data from a selected 80 sites were processed daily. The sites were selected in a 
two-stage process.  To enable alignment to the IGS08 reference frame, the network must have 
sites in common with those in the IGS08 frame, so the first step was a selection of a network of 40 
(where available) well balanced sites on the IGb08 list (see e.g. 
http://acc.igs.org/igsacc_general.html, accessed 24 Jan 2014). The selection was done by 
maximizing the volume of the space within the surface formed by the sites. This was done using a 
script kindly shared by Simon Williams (NOC Liverpool) called netanneal, which in turn applies the 
qhull module from the Qhull software (Barber et al., 1996). A daily network should also contain a 
reference clock site (a GPS site with a highly accurate clock such as a hydrogen maser) so at this 
point the existing list was checked and one of the following sites added as necessary (in the same 
order): usn3, amc2, usno, algo, yell, hob2, kokb, nlib, nya1, nyal, pie1, tidb, wsrt, nrc2. The final 
step was filling out the network to 80 sites where available, again selecting those sites that 
maximized the volume.  

During processing it became apparent that some sites or combinations of sites on some days were 
causing the GIPSY-OASIS software problems, so additional work was done to try to isolate and 
remove such sites and repeat the network selection process. Unfortunately the problem appears 
late in the processing stage, so each trial of a revised network takes 4-8hrs. After considerable 
iteration there were still a few days where processing did not succeed, however, over 99% of days 
were successfully processed at the global network stage. Due to time constraints it became 
necessary to move on to the subsequent stages in the analysis rather than pursuing the remaining 
few. Files containing the daily networks used accompany this document (globalnetworks.tgz). 

2.3 Reference frame  

2.3.1 Processing variations 

Two full global orbit estimation runs were performed, ‘global1’ and ‘global2’. The decision was to 
look at the differences provided by two practical processing schemes, rather than to try to change 
as many options as possible and run something unlikely to be used normally as a state-of-the-art 
GPS processing strategy. With this in mind, the options chosen for variation were the second order 
ionospheric effect and the earth radiation effect, which were These were both modelled in global1 
and unmodelled in global2. Both these effects would be expected to affect the orbits and so 
cannot simply be changed in PPP processing. They are also newly available in the 6.2 version of 
GIPSY-OASIS.  

Table 2.1: Summary of processing strategy differences between the global 1 and global 2 runs. 

Model Global 1 run Global 2 run 

Second order ionospheric effect modelled unmodelled 

Earth radiation effect modelled unmodelled 

 

In addition the JPL reprocessed IGS08 orbits can be used as a further comparison as the 
tropospheric mapping function used was the Global Mapping Function (GMF) (Boehm et al., 2006) 

http://acc.igs.org/igsacc_general.html
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rather than the more detailed  Vienna Mapping Functions (VMF) (Boehm et al., 2006) used for our 
runs, alongside other minor differences compared with our global2 run. 

Higher order ionospheric effects 

These effects arise because the standard dual frequency combination performed to cancel out the 
effects of the ionosphere does not cancel the higher order terms of the refractive index. They are 
small, but have the potential to cause systematic bias in velocities over time (Petrie et al., 2010). 
Models for the second order effects became available recently in the 6.2 release of the GIPSY-
OASIS software and their effects have been described in (Garcia-Fernandez et al., 2013). There are 
several variations of options available. The approach taken for the global1 run was to use: 

 IONEX files to provide the total electron content for the run. The files from the Centre for 
Orbit Determination at the University of Bern were chosen as they are available back to 
1995.0. The files were reformatted from 24hr data so each file contained data for a 30hr 
processing span. 

 An effective electron shell height of 600km as recommended in the GIPSY documentation. 

 International Geomagnetic Reference Field. 

Satellite radiation pressure models  

Electromagnetic radiation interacting with the GPS satellites creates a force on the satellite, which 
affects the satellite orbit. The radiation can be light travelling directly from the sun (solar radiation 
pressure), sunlight that is reflected from the Earth and hits the satellite, or long wave radiation 
emitted from the Earth (Rodriguez-Solano et al., 2012). Due to the complex shape of the satellite 
and uncertainty in its exact orientation, these errors are challenging to model. Typically a large 
number of empirical parameters are estimated. There is a model suggested by the IGS for Earth 
radiation for ‘repro2’, and GIPSY6.2 now includes it as an option – it is available as a simple on/off 
switch. 

2.3.2 Alignment variations 

The global orbits and clocks produced in the global1 and global2 runs are effectively each in their 
own reference frame ‘non-fiducial’. Different sets of sites can be used in the alignment to the 
IGb08 reference frameIGb08 is the update to IGS08, the GPS realisation of ITRF2008 (see 
http://acc.igs.org/igs-frames.html, accessed 30 Jan 2014). Four main variations on the alignment 
were run: 

 global 1.1: Using the 40 selected balanced core sites or all core sites if fewer than 40 were 
available on a given day (e.g. 1995, 1996). 

 global 1.1.a: As above but with NCEP atmospheric loading applied. 

 global 1.2: All available core sites in the network were used in the alignment. 

 global 1.3: The netanneal program was rerun to select the 20 most volume-maximizing 
core sites for the alignment network. 

http://acc.igs.org/igs-frames.html
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 global 1.4: The netanneal program was rerun to select the 20 most volume-maximizing 
core sites for the network, but excluding sites likely to be affected by present day elastic 
ice un/loading i.e. those in Antarctica, Greenland, Ellesmere Island, Svalbard, and Iceland. 

2.3.3 Other comparison solutions 

Other solutions which can be compared as part of assessing differences between GPS solution 
processing are: 

PPPs using JPL orbits 

The initial stage PPP processing, used as a cleaning step, is used to form time series for 
comparison. The major processing difference of the JPL orbits to the global2 run is that the GMF 
tropospheric mapping functions are used rather than the VMF ones. 

Thomas et. al. (2011) 

The processing described in Thomas et. al (2011) uses a different network and an earlier version of 
GIPSY. Due to the shorter time span, comparison will need to take place over the covered time 
period.  

2.4 Rate estimation 

A rate at a site should represent the geophysical ground motion at the site as accurately as 
possible. To achieve this, the time series for each site should ideally be completely free from 
outliers and systematic errors such as offsets. At the same time, caution is always needed when 
removing data from any analysis.  

For this analysis, editing was performed as follows: 

 Points with an error larger than 2.5 times the mean error of that time series were 
removed. 

 A set of outliers of ~50mm which appeared in every series which had data on those days 
were removed. This was done for global1 and in global2, but different days were involved. 

 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. 

 The CATS software (Williams 2008) was used to examine the noise properties of those time 
series containing over 2000 epochs of data. It was concluded that the approach of 
estimating 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) would be 
appropriate.  

 The median values for white noise scale factor and power law noise amplitude for the long 
time series (1.6, 13.4) estimated were then taken and used to propagate errors for the 
shorter time series where CATS cannot be relied on to produce results. For the 
propagation, the series with fewer than 2000 epochs were subdivided into continuous 
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sites, for which periodic parameters were estimated in the error propagation, and short 
continuous sites and campaign sites for which periodic parameters were not estimated. 
Dates for individual campaigns for each site were assessed manually and used to add 1mm 
of noise for each campaign in the error propagation. 

 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 +-100mm/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 
+-10mm/yr. 

2.5 Ensemble discussion  

We used selected stations with over 2000 days of available data for ensemble comparison 
purposes, to allow rigorous comparison between stations using trends and confidence limits 
derived from the CATS software.   

The ensemble members described in Section above are summarised in 2.2. 

Table 2.2: Ensemble members available for comparison 

global 1-1 ‘Optimal‘ processing, 40 balanced core sites for alignment 

global 1-2 ‘Optimal‘ processing, all available core sites for alignment 

global 1-3 ‘Optimal‘ processing, 20 balanced core sites for alignment 

global 1-4 ‘Optimal‘ processing, 20 balanced sites excluding GIA affected areas for 
alignment 

global 1-1a ‘Optimal‘ processing, atmospheric loading removed for frame alignment 

global 1-1-p ‘Optimal‘ processing, atmospheric loading removed for frame alignment, and also 
removed from individual non-frame sites 

global 2-1 No earth radiation, higher order ionospheric effects, 40 balanced core sites for 
alignment 

Thomas paper Values extracted directly from the Thomas et al. 2011 paper (trends based on 
tsview algorithm as described in the paper) 

Thomas series Time series used to produce the results for the Thomas et al. 2011 paper (trends 
recomputed using CATS algorithm, as used for all other ensemble members) 

g1-1-a-trim The g1-1-a series cropped to the length of the Thomas series 

 

By comparing the first four members of Table 2.2, an assessment of the effect of strategies of 
alignment to the selected reference frame can be seen. The trends for the selected stations and 
the range of trends for each site can be seen for these ensemble members, in Table 2.3.  The 
range of trends for each site is very small (typically 0.1 mm/yr), as is the range of the means over 
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all sites in each ensemble run, indicating that the treatment atmospheric loading during frame 
alignment has little effect on individual sites or the reference frame as a whole. 

Table 1.3: Effects of reference frame alignment (mm/yr, 1-sigma errors) 

 g1-1 g1-2 g1-3 g1-4 Range of 
trends  Trend err Trend err Trend err Trend err 

aboa 0.51 0.65 0.63 0.64 0.54 0.66 0.53 0.69 0.12 

cas1 1.40 0.28 1.44 0.28 1.33 0.30 1.38 0.31 0.11 

crar 0.61 0.55 0.61 0.54 0.62 0.57 0.60 0.59 0.02 

dav1 -1.70 0.36 -1.68 0.36 -1.79 0.39 -1.77 0.40 0.11 

dum1 -0.41 0.38 -0.41 0.38 -0.42 0.41 -0.41 0.42 0.01 

maw1 -0.44 0.26 -0.38 0.26 -0.52 0.28 -0.48 0.29 0.14 

mcm4 0.69 0.30 0.78 0.30 0.64 0.31 0.72 0.33 0.13 

ohi2 3.31 0.48 3.36 0.48 3.40 0.50 3.51 0.51 0.20 

palm 4.72 0.35 4.75 0.35 4.83 0.36 4.80 0.38 0.10 

sctb 0.70 0.73 0.74 0.73 0.67 0.76 0.69 0.79 0.07 

syog 1.04 0.28 1.07 0.28 1.00 0.31 1.09 0.32 0.09 

tnb1 -0.03 0.63 -0.06 0.62 -0.16 0.66 -0.16 0.67 0.14 

vesl 0.29 0.41 0.31 0.41 0.36 0.44 0.27 0.46 0.09 

Mean 0.82 0.44 0.86 0.43 0.81 0.46 0.83 0.47 0.10 

 

Table 2.4 shows trend differences derived from processing differences. It should be noted that the 
processing differences selected were chosen to given an indication of likely potential differences 
between plausible (state-of-the-art and near-state-of-the-art) processing schemes, certainly not 
the largest possible difference achievable. Here it is apparent that the altered processing options 
(earth radiation and higher order ionospheric effects) have had a very limited effect, either on 
individual sites or on the reference frame. 

Table 2.4: Trend differences between two plausible processing strategies (mm/yr, 1-sigma errors) 

  g1-1 g2-1 Range 

  Trend err Trend err   

aboa 0.51 0.65 0.50 0.65 0.01 

cas1 1.40 0.28 1.33 0.28 0.06 

crar 0.61 0.55 0.60 0.54 0.01 

dav1 -1.70 0.36 -1.53 0.35 0.17 

dum1 -0.41 0.38 -0.44 0.41 0.03 

maw1 -0.44 0.26 -0.52 0.26 0.09 

mcm4 0.69 0.30 0.67 0.30 0.02 

ohi2 3.31 0.48 3.34 0.47 0.02 

palm 4.72 0.35 4.72 0.34 0.00 

sctb 0.70 0.73 0.72 0.72 0.02 

syog 1.04 0.28 1.03 0.28 0.01 
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tnb1 -0.03 0.63 -0.04 0.61 0.02 

vesl 0.29 0.41 0.29 0.41 0.00 

Mean 0.82 0.44 0.82 0.43 0.04 

 

Table 2.5 shows that atmospheric loading also has a limited effect (less than 0.2 mm/yr, except for 
dav1), at least for long running stations. While small, the difference does not average to zero. 

Table 2.5: Effects of adding atmospheric loading(mm/yr, 1-sigma errors) 

  g1-1 g1-1-a g1-1-p Range of  
trends 

Trends: g1-1-p  
minus g1-1   Trend err Trend err Trend err 

aboa 0.51 0.65 0.59 0.51 0.57 0.54 0.08 0.06 

cas1 1.40 0.28 1.45 0.22 1.50 0.23 0.11 0.11 

crar 0.61 0.55 0.69 0.40 0.72 0.43 0.11 0.11 

dav1 -1.70 0.36 -1.40 0.27 -1.24 0.28 0.46 0.46 

dum1 -0.41 0.38 -0.30 0.32 -0.30 0.33 0.11 0.10 

maw1 -0.44 0.26 -0.35 0.19 -0.31 0.20 0.13 0.13 

mcm4 0.69 0.30 0.75 0.22 0.81 0.22 0.12 0.12 

ohi2 3.31 0.48 3.36 0.46 3.31 0.46 0.05 -0.01 

palm 4.72 0.35 4.83 0.32 4.81 0.32 0.11 0.09 

sctb 0.70 0.73 0.86 0.54 0.81 0.57 0.17 0.11 

syog 1.04 0.28 1.07 0.22 1.07 0.23 0.03 0.03 

tnb1 -0.03 0.63 0.10 0.45 0.14 0.46 0.16 0.16 

vesl 0.29 0.41 0.40 0.32 0.41 0.34 0.11 0.11 

Mean 0.82 0.44 0.93 0.34 0.94 0.35 0.13 0.12 

 

Finally, results are compared with those from the earlier study of Thomas et al. 2011, in Table 2.6. 

Table 2.6: Comparison of REGINA results with those used in Thomas et al. 2011 (mm/yr) 

 Thomas  
paper 

err Thomas 
series 

err g1-
1-a-
trim 

err g1-
1-a 

err g1-1-
p 

err g1-1-
a 

minus 
g1-1-
a-trim 

Thomas 
series 
minus 

g1-1-a-
trim 

Thomas 
paper 
minus 

Thomas 
series 

aboa 1.40 0.84 2.05 0.94 0.71 0.66 0.59 0.51 0.57 0.54 -0.12 1.34 -0.65 

cas1 1.18 0.43 0.84 0.48 1.37 0.27 1.45 0.22 1.50 0.23 0.08 -0.53 0.34 

crar 1.00 0.65 0.48 0.69 0.64 0.54 0.69 0.40 0.72 0.43 0.05 -0.15 0.52 

dav1 -0.94 0.49 -1.57 0.42 -1.54 0.30 -1.40 0.27 -1.24 0.28 0.14 -0.04 0.63 

dum1 -0.79 0.46 -0.92 0.46 -0.63 0.39 -0.30 0.32 -0.30 0.33 0.33 -0.29 0.13 

maw1 0.06 0.39 -0.27 0.33 -0.22 0.23 -0.35 0.19 -0.31 0.20 -0.13 -0.05 0.33 

mcm4 0.71 0.37 0.68 0.58 0.58 0.26 0.75 0.22 0.81 0.22 0.18 0.11 0.03 

sctb 0.63 1.10 0.24 1.01 0.66 0.78 0.86 0.54 0.81 0.57 0.20 -0.42 0.39 
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syog 2.26 0.36 1.34 0.47 1.27 0.26 1.07 0.22 1.07 0.23 -0.21 0.06 0.92 

tnb1 -0.23 0.81 0.10 0.78 0.10 0.45 0.10 0.45 0.14 0.46 0.00 0.00 -0.33 

vesl 1.06 0.45 0.72 0.51 0.56 0.37 0.40 0.32 0.41 0.34 -0.17 0.15 0.34 

Mean 0.58 0.58 0.34 0.61 0.32 0.41 0.35 0.33 0.38 0.35 0.03 0.02 0.24 

 

Sites at O’Higgins and Palmer were excluded from analysis here as they have complex nonlinear 
trends and their time series are further divided by Thomas et al. (2011). Comparing the ‘Thomas 
series’ with the ‘Thomas paper’ shows that large effects of over 0.5 mm/yr can arise from 
parameter choices within time series analysis. Smaller effects for these long running sites arise 
from shortening the series, up to only 0.3 mm/yr, and these differences effectively average to 
zero. While it would be most appropriate to compare ‘Thomas series’ with a trimmed version of 
g1-1-p as the Thomas results also have atmospheric loading removed, CATS results are not 
available for g1-1-p-trim, but we know from Fehler! Verweisquelle konnte nicht gefunden 
werden. the effects of atmospheric loading at these sites are only at the 0.1 mm/yr level.  

To reinforce the differences produced by timeseries analysis, Table 2.7 shows the differences seen 
when analysing the same series (g1-1) with different settings in CATS. As is well known, the white 
noise only errors are unrealistically small, and the trends are also affected. 

Table 2.7 Differences seen when analysing the same series using CATS: white noise only vs. the 
preferred analysis used for REGINA (variable white noise and power law noise with the spectral 
index fixed to -1) . 

  g1-1 white only g1-1 CATS Trend 
difference   Trend err Trend err 

aboa 0.19 0.04 0.51 0.65 0.32 

cas1 1.44 0.02 1.40 0.28 -0.05 

crar 0.74 0.03 0.61 0.55 -0.13 

dav1 -1.55 0.06 -1.70 0.36 -0.16 

dum1 -0.27 0.03 -0.41 0.38 -0.14 

maw1 -0.30 0.02 -0.44 0.26 -0.14 

mcm4 0.82 0.03 0.69 0.30 -0.13 

ohi2 4.05 0.04 3.31 0.48 -0.74 

palm 6.02 0.03 4.72 0.35 -1.30 

sctb 1.29 0.05 0.70 0.73 -0.59 

syog 0.58 0.02 1.04 0.28 0.46 

tnb1 0.57 0.06 -0.03 0.63 -0.60 

vesl 0.94 0.03 0.29 0.41 -0.65 

Mean 1.12 0.03 0.82 0.44 -0.30 

 

In summary, after considering the members of the ensemble shown above, it appears that while 
processing and alignment strategies do affect the results, a larger effect comes from analysis of 
the series to produce the vertical trends after the time series have been produced. This would be 
expected to be even more the case with shorter or sparser time series. 
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2.6 Discussion summary for long-running sites 

Long running sites (those with over 2000 daily epochs of data available) were analysed using the 
CATS software (Williams, 2008) and the trends and errors produced by CATS for these sites can be 
seen in Figures 2.1 to 2.3.  Figure 2.1 shows that vertical rate differences for these sites due to 
processing variations detailed in Table 2.1) typically amount to 0.1-0.2 mm/yr, well within the 
formal error bounds (although exceptionally as much as 0.5 mm/yr).   

 

Figure 2.1: Trends and uncertainties (mm/yr, 1-sigma standard errors) from REGINA obtained with 
different ensemble processing options (Table 2.1). 

The effects of applying atmospheric loading before or after frame alignment, or not at all, are at a 
similar level (Figure 2.2).  
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Figure 2.2: Trends and uncertainties (mm/yr, 1-sigma standard errors) from REGINA obtained with 
different atmospheric loading applied (Table 2.1). 

 

The choice of alignment network (Figure 2.3) has a marginally larger effect on vertical rates.  Taken 
together, this ensemble demonstrates that changes in processing and analysis parameters around 
the state of the art is likely to result in no more than sub-mm/yr differences in vertical rate 
estimates.  However, differences due to metadata errors, particularly for campaign GPS sites, may 
be considerably larger (see following section).  Comparison with previous long-term GPS results 
from other sources is deferred until the Impact Assessment Report (Section 2.1). 
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Figure 2.3: Trends and uncertainties (mm/yr, 1-sigma standard errors) from REGINA obtained with 
different frame realizations (Table 2.1). 

2.7 Summary of data files 

 GPS data and metadata summaries: regina_archive_summary, 
regina_site_archive_snx.txt, sitefiles.tgz,snx.tgz,kml.tgz 

 files of daily gps networks used for global processing (globalnetworks.tgz) 
 To be added:  
 files of daily atmospheric corrections at sites 
 files of timeseries with formal errors 
 files of trends for timeseries with formal errors 
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3 Gravity trends incl. error assessment 

3.1 Preparatory evaluation of different GRACE monthly solution series 

Results from the REGINA project on the signal and noise content in the different GRACE monthly 
solution series (Horwath et al. 2013b,c) together with feedback from other groups, motivated the 
GRACE Science and Data System members for the following actions: 

- GFZ reprocessed its RL05 monthly solution series. The strategy of fixing certain orbit jmax 

potential for systematic suppression of geophysical signal. 
- CSR provided monthly solutions expanded up to jmax = 96, as an alternative to the official 

solutions with jmax = 60. 
- GFZ provided monthly solutions with jmax = 60, while the official solutions have jmax = 90. 

This allows to assess the stabilizing effect of a truncation at jmax = 60.  
In consequence, the gravity field trend estimation for REGINA can build on an extended and 
improved set of monthly solution series. A comparative analysis of these series (presented at the 
GRACE Science Team Meeting in October 2013) is summarized in this subsection. Table 3.1 gives 
an overview of the involved series. 

Table 3.1: Five versions of RL05 monthly solution series analyzed.  

 

The analyses were based on time series where the linear component and the annual and semi-
annual harmonic components were reduced. 

3.1.1 The effect of fixing orbit parameters 

Comparing the two GFZ variants with different orbit parameter estimation strategies but 
otherwise identical processing allowed to closer analyse the effect of orbit parameter fixing. 
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Figure 3.1: Regression coefficient (unitless) in the sense GFZ_old_90(t)  ~   x GFZ_90(t)  from 

orthogonal regression.   is shown only where correlation between the two time series is high, 
so that the regression can be interpreted as a dampening (or amplification) of common signal 
(or noise) in both series. Left: analysis in the spherical harmonic domain. Right: spatial domain 
(equivalent water height variations) after a 400km Gaussian filtering 

Figure 3.1 (left) shows that in the low degrees (<= 20), fixing of orbit parameters systematically 
reduces signal amplitudes. In the higher degrees, there is no unique picture about how the orbit 
fixing affects signal and noise. Temporal anomalies in the spatial domain (Figure 3.1 right) are 
systematically damped by fixing the orbit parameters. Damping factors for 400km Gaussian-
filtered signals are in the order 0.7 – 0.8. 

In the sequence, the use of the GFZ_old_90 series will not be considered further. The reprocessed 
GFZ_90 series has now become the official RL05 series by GFZ. 

3.1.2 Maximum degree 60 versus 90 (or 96) 

 

Figure 3.2: Quotient (unitless) between the RMS values of CSR solutions expanded up to degree 60 
and expanded up to degree 96. Left: Spherical harmonic domain. Right: Spatial domain 
(equivalent water height variations), 400km-Gaussian filtered. 

Figure 3.2 (left) shows that limiting the jmax of the gravity field estimation to 60 (as compared to 
96) modifies the noise pattern for n <= 60, though not for the near-zonal coefficients. Accordingly, 
Figure 3.2 (right) shows that the reduction of noise is prominent in low- and mid-latitude regions, 
but not in Polar Regions. Conversely, this means that when one extends jmax from 60 to 96, the 
noise content of the contributions with n <= 60 in the Polar Regions does not rise substantially. 

As another important observation, the choice of jmax = 60 or 96 does not appear to alter the 
geophysical signal content in the degrees n <=60. Similar results are obtained with GFZ_60 versus 
GFZ_90. 
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3.1.3 The quest for the proper maximum degree 

 

 

Figure 3.3: Linear trends (mm w.e. / yr)  with jmax = 60 (left) and 90 (right) (contour interval 50 mm 
w.e./yr). Swenson-filtering (Swenson and Wahr, 2006) is applied, with no additional 
smoothing. Figures use the CSR _96 series, but similar results arise from the GFZ_90 series. 

Figure 3.3 indicates that extending jmax from 60 to 90 leads to be a better, glaciologically plausible 
geographic attribution of the dominant trends in West Antarctica. The signal stands out 
dominantly from the surrounding noise-like patterns. The extremum in the Amundsen Sea Sector 
is -540 mm w.e./yr for jmax = 90 versus -388 mm w.e./yr for jmax = 60. 

 

Figure 3.4: Errors of commission (based on the CSR_96 series) and omission (based on a synthetic 
dataset) for Antarctic ice mass trends, for different maximum degrees. See main text for 
further explanations 

Figure 3.4 further illustrates the quest for the proper maximum degree. The commission error is 
determined as the RMS of the formal error of the linear trend, taken over the region south of -60° 
latitude. The omission error assessment is based on a synthetic (altimetry-based) high resolution 

trend,   (mm w.e./yr), capturing both the characteristics of ice-dynamic and accumulation-

driven signals. The omission error is then defined as RMS ( – trunc), where trunc is the spectrally 

truncated version of according to the chosen jmax. Even though quantitative details of the 
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analysis of Figure 3.4 depend on details of applied assumptions and techniques, we conclude that 
for resolving the large Antarctic mass changes, jmax beyond 100 would be most appropriate.  

For use within the REGINA project, we therefore consider the GRACE monthly solutions with jmax = 
90 and 96, respectively (i.e. CSR_96 and GFZ_90 – in Table 3.1). Even with the proposed extended 
maximum degree, the limited spatial resolution capability of GRACE (e.g. 200 km half wavelength 
for jmax = 100) imposes significant limitations on the separation of ice mass signals and GIA signals. 
Future satellite gravity missions may significantly improve upon this limitations, because both the 
reduced noise level of those missions and the extended observation interval will enable an 
enhanced spatial resolution.CSR_96 and GFZ_90 – in Table 3.1) 

3.2 Filtering adapted to Antarctic trend estimates 

The de-striping filter after Swenson and Wahr (2006) (Swenson filter) has proven to effectively 
reduce the typical north-south correlated error structures of GRACE monthly solutions. The filter is 
based on the observation that these structures correspond to correlated patterns in the spherical 
harmonic domain, namely correlations within the coefficients of the same order and even degree, 
or respectively, odd degree. The standard way of fitting and removing these patterns is by 
adjusting polynomials to the respective sequences of spherical harmonic coefficients, individually 
for the individual months. Parameters to choose are the degree of the polynomial npol and the 
minimum order mstart for which this procedure is applied. Chambers and Bonin (2012) have 
assessed these parameter options with regard to the new Release-5 solutions and global oceanic 
signals.  

Here we perform a detailed analysis on the Swenson filter parameter choice, targeted at the linear 
trend for Antarctica, as needed for the REGINA project. An optimal filtering choice has to balance 
two conflicting goals: reduction of noise and small signal corruption by the filter.  

We assess signal corruption by applying the filter to a synthetic test signal (generated based on 
high resolution trends from satellite altimetry) which reflects the prevailing ice mass losses. For 
each choice of filter parameters, the signal corruption is assessed as the RMS difference between 
the original synthetic signal and the filtered signal. The RMS is taken for the signal (in terms of 
water equivalent height per year) over the region south of -60° latitude. 

Figure 3.4 (upper left panel) shows the assessed signal corruption effect as a function of the two 
Swenson filter parameter choices mstart (axis of abscissa) and npol (axis of ordinate). These results 
are based on spherical harmonic fields with jmax = 96. Subsequently to the Swenson filtering an 
additional Gaussian filtering is applied with a 200 km filter width. This additional filtering was 
chosen by visual inspection of results, although it could be subject to a more formalized 
assessment like for the two Swenson filter parameters. As expected, the signal corruption 
increases with increasing strength of the Swenson filter, that is with decreasing mstart and with 
increasing npol. 

For assessing the noise and noise reduction in the filtered fields, we face the task of separating the 
noise from the geophysical signals in the GRACE trends. Here we attempt such a separation by 
reducing a-priori information on the ice mass trend from the GRACE fields and considering the 
residual trend as an upper bound representation of noise. The a-priori information is, again, based 
on satellite altimetry trends. For the noise assessment we then take the RMS of the residual trends 
(in terms of water equivalent height per year) over the region south of -60° latitude. Since those 
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residual trends still contain some geophysical signal, the result is indeed an upper bound for the 
GRACE noise effects. 

Figure 3.5 (upper right panel) shows the assessed noise level in dependence on the Swenson filter 
choices. For the range of filter parameters with mstart >=10, we see the expected pattern where 
stronger filtering induces stronger noise reduction. For mstart <10, this pattern is partly reversed. A 
closer analysis indicates that the inclusion of the low orders into the Swenson filtering transfers 
energy (both from signal and noise) from low-to-mid latitudes to the polar regions, thus severely 
corrupting the polar signals. 

To define the “best” filter parameters a quadratic sum is computed (lower center panel) to 
balance between signal corruption and noise reduction. 

 

Figure 3.5: Assessments of the two kinds of errors (mm w.e./yr) of Swenson-filtered trends, in their 
dependence on the Swenson filter parameters mstart and npol. Upper left: signal corruption. 
Upper right: GRACE noise. In every plot, filter strength increases from left to right and from 
bottom to top. Low numbers (blue colors) mean low errors according to the assessment. The 
bottom plot shows the combined effect of both error types. See the main text for further 
details. The pink circle marks the choice of filter parameters mstart = 12 and npol = 7, according 
to the minimum of the assessed error. 

The circle marks the optimal values mstart = 12 and npol = 7. These filter parameters are 
subsequently used. The same optimal filter parameters arise for the CSR solutions with jmax = 96. 
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3.3 Account for modelled interannual signals 

Interannual variations of surface mass balance (SMB) are a major source for nonlinear temporal 
variations of the Antarctic gravity field. A large portion of the non-linear signal in geodetic mass 
and volume time series is well explained by modelled SMB fluctuation (Horwath et al. 2012, 
2013a). Towards the ultimate goal of isolating the linear GIA signal from time series of volume and 
mass change, we removed non-linear effects of modelled SMB variations (i.e., cumulative SMB 
anomalies) from the GRACE time series. We use the RACMO2-ANT27 regional atmospheric climate 
model (Lenaerts et al. 2012) for this purpose, consistent with the SMB and firn compaction 
correction applied to the altimetry data sets in Section 1.3. RACMO2-ANT27 describes monthly 
SMB on a 27km grid for the interval 1979-07/2012. We subtract the temporal mean SMB per grid 
cell to infer monthly SMB anomalies. We then cumulate these monthly anomalies in time to infer 
cumulative SMB anomalies. 

 We transfer the monthly cumulative anomalies (in terms of water equivalent height) into the 
spherical harmonic domain. Reducing cumulative SMB anomalies from GRACE-based mass 
variations over the GRACE time interval has two effects. First, it may change the overall trend over 
the GRACE interval. This effect depends on the reference time interval to which the SMB 
anomalies are referred to. However, the question about this reference period is still under 
investigation. For the time being, we de-trend the cumulative SMB anomalies over the GRACE time 
interval, so that their reduction has no effect on the overall linear trend over the GRACE interval 
(cf. the zero difference in the trend maps for step 2 shown in Figure 3.9). This choice corresponds 
to assuming the GRACE interval itself as the reference interval for the SMB anomalies. This choice 
can be modified later on by adding the cumulative SMB trends that arise when a different time 
interval is taken as the reference. 

The second effect of reducing SMB variation effects prior to a linear trend estimate is the 
reduction of the residuals w.r.t. a linear and seasonal signal. This effect is illustrated in Figure 3.6 
and, more comprehensively, in the reduction of the formal errors of the trends in the step 2 
shown in Figure 3.9. Only after reducing SMB effects, the uncertainty of the GRACE gravity field 
trends is dominated by errors in the GRACE monthly solutions, rather than by non-linear 
geophysical signals. 
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Figure 3.6: GRACE time series at four locations of the Antarctic ice sheet before and after the 
correction for SMB fluctuations. The temporal evolution is closer to linear after the SMB 
reduction. 

3.4 Month-dependent error levels 

The quality of GRACE monthly solutions changes with time, e.g. due to evolving orbital sampling 
patterns. Figure 3.7 shows the temporal evolution of error levels specific to the Antarctic region 
and to the filtering choices made for the REGINA project. It was decided to include the information 
on temporally evolving error levels in the estimate of the linear trends, that is, to apply a month-
dependent weighting. Error levels are relatively elevated in the first year 2003. Month-dependent 
weighting has the effect that these first months have less influence on the estimated trend, which 
has a similar effect like shortening the time series by a year or so. At the same time, for the rest of 
the time series, the post-fit estimate of the errors, based on the evaluation of residuals, is less 
influenced by the extreme errors in 2003, and therefore smaller. Altogether, the month-
dependent weighting reduced error patterns from the resulting trend field and has a minor effect 
on the formal errors. This will be illustrated in Section 3.6. 
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Figure 3.7: Temporal evolution of error levels. Shown are the area-averaged RMS residuals of 
monthly fields with respect to a fitted temporally linear plus seasonal function. The residuals 
are evaluated for water equivalent height maps in the spatial domain after the Swenson 
filtering (Swenson and Wahr 2006) and the Gaussian filtering. Bold lines show a global 
evaluation, thin lines show an evaluation over the Antarctic region south of -60° latitude. The 
latter are used later-on for the month-dependent weighting in the course of the Antarctic 
trend estimate. 

3.5 Comparison of filtered GFZ and CSR trends an decision on the choice of monthly solution 
series  

Figure 3.8 (diamond-dashed lines) shows the degree amplitudes of the linear trend from the 
unfiltered CSR solutions (jmax = 96) and GFZ solutions (jmax = 90). Starting from about degree 40, the 
spectrum has the rising behavior typical for GRACE errors. From these curves one may conclude a 
generally higher noise level for the GFZ solutions than for the CSR solutions. A tentative 
combination of the two solutions (black dashed curve) shows a lower noise level than either 
solution indicating that part of the noise is uncorrelated between CSR and GFZ. Previous 
discussions on the possibility of combining CSR and GFZ (e.g. Horwath et al. 2013b) were based on 
such global assessments of unfiltered fields.  

However, the target functional for REGINA is a filtered gravity field trend for Antarctica. The solid 
red and green lines show the respective spectra after the Swenson filtering with the parameter 
choices as described above. Curiously, now the CSR field exhibits a higher noise level than the GFZ 
field. Averaging the two series (solid black line) does not lower the noise level below the GFZ level. 
This assessment is still based on global fields, thus allowing simple signal decomposition into its 
spatial scales and therefore a simple identification of noise components. An assessment in the 
spatial domain restricted to the Antarctic region gave comparable results, although with the 
difficulty of separating noise from geophysical signal. The assessed noise level was higher for CSR 
than for GFZ, and combining the two releases did not substantially lower the noise level below the 
GFZ level. 
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Figure 3.8: Geoid degree amplitudes of linear trends (m/yr) for unfiltered (diamond-dashed lines) 
and for Swenson-filtered (solid lines) solutions. Red: GFZ; green: CSR; black combination of GFZ 
and CSR with equal weights. 

Based on the results shown, we choose the Release-05 (RL05) monthly solution by GFZ (the 
reprocessed version issued in late 2013, labelled GFZ_90 in Table 3.1) as the input for estimating 
the gravity field trend. For the time being we do not conduct a combination between different 
solution series. 

 

3.6 Antarctic gravity field trend 

The determination of the Antarctic gravity field trend within this project follows the scheme 
sketched in Figure 3.9. Linear trends are estimated from gravity field variations expressed as 
equivalent water height variations in the spatial domain by adjusting a 6-parameter function 
consisting of a constant, a linear trend and annual and semi-annual harmonic amplitudes. 
Including a quadratic term is another option. It should be parameterized in a way that the 
resulting linear trend over the considered interval does not change. Then, the co-estimation of a 
quadratic term just slightly reduces the formal error at places (like the Amundsen Sea Sector) 
where an acceleration of mass balance rates occurs and is not due to SMB effects included in the 
SMB model (Horwath et al. 2013b). 

The GFZ Release 5 GRACE gravity field solutions (revised release 5 as from December 2013) serve 
as input data. A linear trend in the ocean bottom pressure variations modeled by the atmospheric 
and oceanic background models was re-added to the monthly solutions, according the GRACE 
Science and Data System recommendation (Dobslaw et al. 2013; http://www-app2.gfz-
potsdam.de/pb1/op/grace/aod_issues/issues_aod1b_rl05.html). See the REGINA Dataset User 
Manual for further information. 
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Figure 3.9: Steps of refinement in the estimation of the linear trend. The left column of maps shows 
estimated linear trends (mm w.e./yr). The right column shows the respective formal errors 
(mm w.e./yr). Small maps show differences of the estimated trends due to the respective 
refinement steps (mm w.e./yr). Note the different color scale ranges. 

The algorithm can be split up in three main processing steps: 

Step 1: De-striping 
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Due to effects like the propagation of measurement noise and temporal aliasing, a large 
proportion of the variations contained in the monthly solutions can be considered as noise. The 
noise has a strong north-south oriented striped pattern. A linear trend estimate derived from 
these solutions delivers a stripe pattern dominated trend (uppermost picture in the left column of 
large pictures). The co-estimated formal errors of the trend are shown in the right column of large 
pictures. The small maps show the difference between the results of the three processing steps. 

In order to get rid of the stripe pattern, a filter following the approach published by Swenson & 
Wahr 2006 was applied. The filter setup parameters were tuned to the requirements in Antarctica, 
as described in Section 3.2. 

The second large map in the left column shows the trend after applying the de-striping process. 
The formal errors are reduced by around one order of magnitude. 

Step 2: Reduction of SMB variation effects  

For isolating linear trends, a second step in the processing algorithm is the reduction of non-linear 
variations of surface mass balance like snow and melting events. 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. For more details see Section 3.3. 

The reduction makes the trend estimate more robust and reduces errors especially in coastal 
regions. 

Step 3: Month dependent weighting 

The performance of the GRACE satellite system was weaker in the beginning of the mission phase 
(see Figure 3.7). A trend estimate with uniform weighting does not account for these variations. In 
a last step, weights according to the month-dependent error levels are introduced. This slightly 
changes both the resulting trend field and the formal errors. If the option of month-dependent 
weighting will be chosen for the combination with altimetric trends,, the question of consistency 
in the presence of residual SMB-induced fluctuations will need to be considered. 

3.7 Error assessment 

In Figure 3.9 the lower right panel shows the formal error of the adjusted trend. This is a valid 
assessment of the effect of noise in the GRACE solutions propagated into the trend.  

The relatively large residual errors south of -80° latitude are a notable feature. Due to the 
characteristics of the Swenson filter, south of -80° latitude no or only little noise reduction can be 
achieved. Signal in this region is represented by near-zonal coefficients. Expanding the kernel of 
the Swenson filter to these near-zonal coefficients creates high signal corruption  and is not 
suitable for a “best trend” estimate. Still, the formal error level in this near-polar region is below 
the level of typical signals as depicted in the lower left panel. 

The formal errors do not cover possible systematic errors in the GRACE solutions due to a long-
term drift behaviour.  

One possible source is errors in the trends of background atmospheric and oceanic models. The 
presumably artificial trend in the oceanic background model re-added to the monthly solutions (cf. 
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Section 3.7, 2nd paragraph) is in the order of 2-5 mm w.e/yr, if expanded to spherical harmonic 
degree 100 (see Figure 3.6 in the REGINA Dataset User Manual). Therefore we estimate the effect 
of residual errors, after the dampening due to the Swenson and Gaussian filtering will not exceed 
the level of 1 mm w.e./yr. 

A second possible source of systematic errors are systematics in the C20 time series from Satellite 
Laser Ranging (SLR) that we used to replace the GRACE-based C20 values in all GRACE series. A 
comparison of C20 time series from SLR analyses from different groups (CSR, DGFI, CNES/GRGS) 
indicates a spread between the trends that is equivalent to 1 mm w.e./yr, spatially correlated over 
the entire Antarctica. Such a systematic error can be interpreted as an offset, not affecting the 
spatial pattern of the GIA signal that is to be assessed from the REGINA project. Gunter et al. 
(2013) discuss approaches to deal with such offsets.  

3.8 Assumptions and limitations 

Based on thorough analyses of the error structures of the GRACE solutions we arrive at a refined 
estimate of Antarctic gravity field trends, with realistic error measures. Options such as the time 
interval under consideration or preferences concerning the compromise between signal resolution 
and noise content can be easily adapted, dependent on the requirements arising in the refinement 
of the REGINA prototype combined GIA estimate. 

The main limitation associated with the GRACE gravity field trends in the spatial resolution of ca. 
200 km. To avoid unwanted artefacts in the combination, it is necessary to down-sample the 
altimetry data set to the same resolution, applying the same filtering. Even though, GIA is 
expected to be mostly dominated by long-spatial wavelength due to the filtering properties of the 
elastic lithosphere, signals beyond a spherical-harmonic degree and order of 90 are plausible.  - 
particularly, given the presence of a crustal ductile layer.  

3.9 List of Datasets 

We provide datasets of linear trends of the GRACE gravity field in different representations: 

 in the spherical harmonic domain (Stokes coefficient trends, filtered and unfiltered [1/yr])  

 in the spatial domain in terms of surface mass trends [mm w.e./yr – cf. Figure 3.9] 

 in the spatial domain in terms of geoid height trends [m geoid/yr]). 
 

These linear trends arise from a multi-parameter adjustment described in Section 3.6. This 
adjustment was performed based on monthly datasets of Stokes coefficients, gridded surface 
mass trends, and gridded geoid height variations, respectively. Together with the trends we 
provide their formal errors, as illustrated in the right column of Figure 3.9.  

While the spatial-domain trends of surface mass and geoid height could be derived by a spherical 
harmonic synthesis from the Stokes coefficient trends, the formal errors of the trends in the 
space-domain functionals (based on the residuals of the multi-parameter adjustment) could only 
be derived from an adjustment of those functionals in the spatial domain. This is why 
representations of gravity field trends in all three representations are important.  

 Stokes coefficients of the GRACE gravity field trend 
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4 GIA prediction datasets user manual 

4.1 Simulation strategy 

The GIA modelling strategy is driven by the requirement stated in [AD-1] to employ a refined 
model of the Earth structure, including a crustal ductile layer (DL). 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 4.1), 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;  Shotman et al., 2008). Comparably high heat flow in West Antarctica favor 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 velocities anomalies with respect to the 
Preliminary Earth Reference Model (PREM; Dziewonski & Anderson, 1981) indicate low crustal 
thicknesses (Figure 4.2), suggesting a thin elastically responding crust and mantle lithosphere, as 
well as values of low viscosity (Danesi & Morelli, 2001). 

 

Figure.4.1: 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 Shotman et al., (2008).  

The small spatial scale, both in the layering of the Earth structure and the associated GIA response 
require a high spatial resolution in the numerical modelling, increasing computational cost. In 
addition, the low viscosities in the asthenosphere and upper mantle, and the associated Maxwell-
time of only a few years to decades, require a high temporal resolution in the modelling, leading 
to extended run times for the simulations. These demands make ensemble-type simulations 
involving several glacial cycles - as common practice in GIA modelling, computationally too 
expensive. On the other hand, rapid relaxation of the viscoelastic mantle also leads to less 
influence of distant load changes (several kyr ago) on the present GIA and recent load variations 
dominate the GIA response, which are often neglected in conventional GIA modelling. However, 
changes within the past centuries may induce a substantial portion of the GIA signal observed 
toady in parts of the Antarctic continent underlain by a low-viscous asthenosphere and upper 
mantle.  
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Figure.4.2: Seismic tomography of the crust and mantle beneath Antarctica. Shown are shear wave 
velocity anomalies with respect to the PREM, exhibiting a dichotomy in the rheological 
properties between West and East Antarctica. From Danesi & Morelli (2001).  

Therefore, for modeling GIA in the low-viscous Earth regime of West Antarctica, with the presence 
of a ductile layer, REGINA follows strategy of separating the GIA signal into a background 
contribution from distant load changes (LGM to 2 ka BP) and a contemporary contribution (2 kyr 
to present), where the latter includes the most recent ice dynamic losses observed within the 
satellite era. The background contribution is modelled using the glacial histories ICE5G (Peltier, 
2004) and IJ05 (Ivins & James, 2005), and a selection of the Earth models detailed in Section 4 
Earth model parameters. The contemporary GIA response is modelled for an idealistic forcing of 
an axisymmetric disc load centered at the North Pole, which is then rotated to the adequate 
position in Antarctica, and eventually superimposed with other response functions (see Section 
4.2). This approach dramatically reduces the computational effort compared to a full simulation 
involving a geographical distribution of the load. The viscoelastic modelling, which is outlined in 
AD-1, relies on the theory and code developed by Martinec (2000). 

Later, the background contribution to the gravity field and surface deformation trend will be 
subtracted from the GRACE/ICESat/Envisat and GPS observations, respectively. Then, the rotated 
GIA response functions to contemporary load changes will be fitted to the residual of the gravity 
field and surface deformation trend, mainly by adjusting the magnitude of the load change (i.e. 
mass loss / gain rate). The final GIA-induced land elevation rates for CryoSat are obtained by 
superposition of the background and contemporary contribution. 

4.2 Geometrical set-up 

The GIA signal for entire Antarctic continent is obtained by rotating the axisymmetric load and 
response functions to the coordinates of a geodesic grid (we apply the ICON 1.2 grid, status 2007,  
used for the MPI general circulation model, e.g. Wan et al., 2013) and subsequent superposition 
(Figure 4.3). There the grid cells are represented by circular discs of averaged equal area 
corresponding to radius of 63 km. Deviations of the disc radii in the range of ±1 km due to 
variation of cell size are currently ignored (Figure 4.3). The geodesic grid locations and disc radii for 
the cap south of -60 degree latitude are provided in the file optgrid.7lt-60.dat. The distribution of 
discs is reduced to the areas confined by todays grounding line and shelf outlines of Antarctica 
(Figure 4.4)  
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Figure 4.3: Spatial distribution and histogram of disc radii for geodesic grid optgrid.7 

Figure 4.4 Discs of geodesic grid attributed to continental ice (blue; 1022 discs) and ice-shelf areas 
(magenta; 153 discs).in Antarctica 

4.3 Load model parameters 

The load function, 𝜎(𝑡, 𝜗)applied to the viscoelastic Earth model is disc shaped, with a constant 
radius of ca. 63 km, i.e. 𝜎(𝑡, 𝜗) = 0 for co-latitude 𝜗 > 0.57° for all times 𝑡.. The radius of the disc is 
chosen to match the size of the mean radius of the discs south of 60°S of the geodesic grid used 
later in the inversion of the gravity fields and surface deformation data. The resolution of the 
geodesic grid is chosen a priori to provide a sufficiently fine-scale excitation and response of the 
Earth structure, and at the same time minimize the computational effort. Figure 4.5 shows the 
temporal behavior of the load experiment; the disc rises over a time period of 2 kyr at a constant 
rate to a maximum thickness of 1 km, then for two time steps, i.e. 20 yr, the disc thickness is held 
constant. The loading is applied to an Earth whose lithosphere and asthenosphere are assumed 
initially to be in a state of hydrostatic equilibrium. The first time step will yield only the elastic part 
of the deformation, followed by a more and more viscoelastic response. The last two time steps 
are intended to calculate only the GIA response without extra additional loading, and without the 
instantaneous elastic deformation and gravitational attraction of the load change itself.  
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Figure.4.5: Temporal and spatial load distribution applied to the viscoelastic Earth model. Loading 
consists of a constant disc with 62.9192 km radius, rising over 2 kyr to a maximum thickness of 
1 km; the equivalent mass gain rate is 5.6 Gt/yr. 

The experiment is designed to apply an increasing load, as related e.g. to the ceasing motion of ice 
stream C, West Antarctica. The equivalent de-loading experiment, −𝜎(𝑡, 𝜗) as observed e.g. for 
the Amundsen Sea Sector, West Antarctica, is not necessary to undertake due to the linearity and 
symmetry of the viscoelastic field equations with respect to the load. It is sufficient to invert the 
sign of the load and the response. At a later stage, in the combined inversions of the gravity and 
GPS data, both the magnitude and the sign of the load will be considered unconstrained 
parameters, allowing both to accommodate ice advance as well as ice retreat. The load model 
parameters are stored on the file loadh.inp. The density of ice is assumed in the model to be 900 
kg/m³. The equivalent mass gain rate of the 2 kyr is 5.6 Gt/yr. The spherical harmonic cut-off 
degree for the simulation is 𝑗𝑚𝑎𝑥 = 2048 (ca. 10 km). 

4.4 Earth model parameters 

The Earth model parameters are listed in Table 4.1 lists the parameters of the ensemble of in total 
58 parameter combinations. The largest set of parameter combinations is targeted for West 
Antarctica (56 simulations); here, main parameters are the lithosphere thickness (30 to 90 km in 
steps of 10 km) and the asthenosphere viscosity (1 × 1018 Pa s to 3 × 10 19 Pa s), as well as the 
presence of a DL (yes/no). In addition, parameter combinations appropriate for the cratonic 
structure of the East Antarctica and for the instantaneous response of an elastic Earth are 
employed. It is later intended to select the response functions of the Earth model most 
appropriate West and East Antarctica (Section 5.1), possibly with further refinement of the 
viscosity structure based on seismic tomography data (Figure 4.2). However, it should be stated 
that this approach leads to discontinuities in the resulting stress field of the superimposed 
responses; a problem that can only be resolved by full 3D-modelling, which is beyond the scope of 
REGINA (see Section 4.7).  

4.5 Description of GIA response functions 

Output files contain 1507 latitudinal points (0 ≤ 𝜗 ≤ 90) covering a region greater than the size 
of the Antarctic domain, as well 203 time steps. The time derivative of the radial displacement 𝑢, is 
calculated with a central difference scheme, �̇� ≔  [𝑢(𝑡 + Δ𝑡/2) − 𝑢(𝑡 − Δ𝑡/2)]/Δ𝑡. The 
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difference between two time steps is Δ𝑡 = 10 yr. The same applies to the rate of geoid-height 
change, �̇�.  

The results are stored with the following identification: out_DL_ML_AS where  

 DL = [1/2] is DL present [no/yes] 

 ML = Depth of mantle lithosphere (km) 

 AS = viscosity of asthenosphere (1018 Pa s) 

 

Figure.4.6: Displacement rates (mm/yr) over the simulation period of 2 kyrs, for a selected set of 
Earth model parameters (example). Black lines indicate rates at the final time steps at 2 kyr, 
when load change is zero. The other curves show the rates for the time epoch indicated by the 
color scale. 

Figures 4.6 and 4.7 show examples of response functions to the loading detailed in Section 4.3 for 
the rate of radial displacement, �̇� and rate of geoid-height change, �̇�. Instantaneously, the 
increasing load includes an elastic response (dashed line in Figures 4.6 and 4.7) that is 
characterized by subsidence, �̇� (Figure 4.6), leading to a partial compensation of the loads direct 
attraction in �̇� (Figure 4.7); direct gravitational attraction of the load not shown). Depending on 
the viscosity structure, this instantaneous response is followed by the viscoelastic response as the 
load build-up continues (blue to red lines in Figures 4.6 and 4.7), visible in increasing displacement 
rates, �̇�. This isostatic compensation mechanism is reflected in the decreasing geoid rate, �̇�. 
Depending on the asthenosphere viscosity a new equilibrium state is reached (sometimes not 
within the simulation period), in which the �̇� and �̇� remain constant for a load increase �̇�(𝑡) =
const. In the last two time steps, the load is constant and the response in �̇� and �̇� is only caused by 
the Earth’s viscoelastic deformation (solid black line in Figures 4.6  and 4.7). 
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Figure.4.7: Same as Figure. 4.6, but for the rate of geoid-height change (mm/yr). Note the change 
in sign in the rate as the direct gravitational attraction of the load is not exerted. 

4.6 Discussion of selected GIA response functions 

Figure 4.8 shows the response in �̇� for four end-member sets of Earth model parameters; a) 
out_1_030_001 (thin lithosphere, weak asthenosphere), b) out_1_090_001 (thick lithosphere, 
strong asthenosphere), c) out_1_030_001 (thin lithosphere, weak asthenosphere) and d) 
out_1_030_030 (thin lithosphere, strong asthenosphere), without a ductile layer. In this context, 
thick / thin and strong / weak are considered in comparison to the “average” value of the 
ensemble – not its absolute values; an elastic lithosphere of thickness 90 km (here, thick) is still 
substantially lower than expected in East Antarctica (200 km). Figure 4.9 shows the same response 
in �̇� considering an Earth structure with a ductile layer. It should be stated that the cases 
out_2_030_AS can be considered as extreme cases as the ductile layer extends down to the 
asthenosphere reducing the layer of an elastic mantle lithosphere to zero.  



 
ATBD 

Ref. REGINA_D3_1_issue_2.2 

Date 2015-01-13 

Page 47 of 66 
 

Figure.4.8: Same as Figure 4.6, but for four end-member sets of Earth model parameters, with the 
lithosphere thickness / asthenosphere viscosity a) 90 km / 1×1018 Pa s, b) 90 km / 30×1018 Pa s, 
c) 30 km / 1×1018 Pa s and d) 30 km / 30×1018 Pa s. The Earth structure considered is without a 
ductile layer. 

Figure 4.8 shows that for the low-viscous asthenosphere (1×1018 Pa s; a and c), viscoelastic 
deformation is visible already after one decade of loading (or de-loading), leading to considerably 
larger subsidence rates compared to the purely elastic case. For these Earth model parameters, a 
near- equilibrium state is achieved within a few hundred years. Peak rates of subsidence strongly 
depend on the support of the thickness of the elastic lithosphere, as increased thickness leads to 
less flexure. One side effect of the model set-up is that in this case the thickness of the weak 
asthenosphere (bottom depth of asthenosphere is fixed) is strongly reduced, decreasing the 
viscous material transport. Maximum peak rates on the cm-level are therefore achieved for the 
extreme case of a lithosphere thickness of 30 km and an asthenosphere viscosity of 1×1018 Pa s (-
44.8 mm/yr), with considerable subsidence of ca. -20 mm/yr already after 10 years of model 
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simulation. Increasing the asthenosphere viscosity (Figure 4.8 b and d) hampers viscous material 
transport and leads to a slower adjustment towards the new equilibrium state, which typically 
takes more than 1 kyr. Moreover, the short-term viscous response of the model is substantially 
weaker and comparable to a purely elastic response even after several decades. 

Including the ductile layer in the Earth structure effectively thins the elastic lithosphere and leads 
to greater subsidence rates for all sets of parameters shown in Figure 4.9. Moreover, the response 
is more localized and, in case of a thick elastic lithosphere (90 km), exhibits a discontinuous 
pattern for the displacement rates with radial distance where a local minimum between 120 and 
160 km appears within the range shown in Figure 4.9 a and b. Maximum peak rates of -75.9 
mm/yr are achieved for the extreme lithosphere thickness and asthenosphere viscosity of 30 km 
and 1×1018 Pa s, respectively, with the viscous deformation leading to rates below -25 mm/yr 
already after 10 yr of simulation.  

Figure 4.9: Same as Figure 4.8, but with Earth structure including a ductile layer. 



 
ATBD 

Ref. REGINA_D3_1_issue_2.2 

Date 2015-01-13 

Page 49 of 66 
 

Table 4.1: 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       

Crust and mantle CMB 10
30

 1 

Total number of simulations   61 
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4.7 Assumptions and limitations 

Although the approach of modelling response functions to axisymmetric disc loads and 
subsequently imposing them is very efficient in terms of the computational cost, this simplification 
introduces a number of limitations, most of which are a matter of ongoing research; 1) the 
superposition of response functions for different Earth structures neglects the transmission of 
stresses between regions of different viscosity - a problem that can only be resolved by full 3D-
modelling. This can be relevant also for the uplift rates along the lateral heterogeneity in the 
viscosity, and the quantification is ongoing outside the scope of REGINA. 2) Disc loads are fixed in 
radius to ca. 63 km, implying that finer-scale deformation cannot be resolved. Although this 
resolution is adequate for interpreting GRACE data (spatial resolution of ca. 200 km) smaller-scale 
loading excitement may be necessary for predicting local GPS measurements. 3) The elastic 
deformation calculations rely on the PREM with an “average Earth” crustal structure, which may 
not be adequate for parts of Antarctica. Modifying the elastic parameters may induce significant 
differences in the uplift rates.  

4.8 List of data sets 

 Response functions for �̇� and �̇�  to disc load simulation; 58 sets of Earth model parameters 
(Table 4.2) 

 Spatial coordinates of geodesic grid and associated disc statistics, optgrid.7lt-60.dat  
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Table 4.2: Simulation number (Sim. #) and associated Earth model parameters; presence of ductile 
layer (DL; 1=no, 2=yes), depth of the mantle lithosphere (Depth; ML) and viscosity of the 
asthenosphere (Viscosity; AS). Files are tagged according to out_DL_ML_AS; for example, 
simulation #15 is stored in file out_1_060_010.dat; the elastic model is stored in 
out_1_999_999. 

 

Sim. # DL  Depth (km) Viscosity  (10
18 

Pa s) Sim. # ctd. DL 
Depth 
(km) Viscosity  (10

18 
Pa s) 

1 no 30 1 29† yes 30 1 

2 no 30 3 30 yes 30 3 

3 no 30 10 31 yes 30 10 

4 no 30 30 32 yes 30 30 

5 no 40 1 33 yes 40 1 

6 no 40 3 34 yes 40 3 

7 no 40 10 35 yes 40 10 

8 no 40 30 36 yes 40 30 

9 no 50 1 37 yes 50 1 

10 no 50 3 38 yes 50 3 

11 no 50 10 39 yes 50 10 

12 no 50 30 40 yes 50 30 

13 no 60 1 41 yes 60 1 

14 no 60 3 42 yes 60 3 

15 no 60 10 43 yes 60 10 

16 no 60 30 44 yes 60 30 

17 no 70 1 45 yes 70 1 

18 no 70 3 46 yes 70 3 

19 no 70 10 47 yes 70 10 

20 no 70 30 48 yes 70 30 

21 no 80 1 49 yes 80 1 

22 no 80 3 50 yes 80 3 

23 no 80 10 51 yes 80 10 

24 no 80 30 52 yes 80 30 

25 no 90 1 53 yes 90 1 

26 no 90 3 54 yes 90 3 

27 no 90 10 55 yes 90 10 

28 no 90 30 56 yes 90 30 

† RE000-030 (Reference end member soft Earth structure)   57 no 150 1 

‡ RE000-200 (Reference end member strong Earth structure)   58 no 150 500 

  
   

59‡* no 200 1 

* East Antarctica 
 

60* no 200 500 

** Elastic 
   

61** no n.a. ∞ 
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5 Synergetic data processing and combination methods 

5.1 Combination approach for estimating GIA 

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, as well as GIA modelling 
detailed in the previous part of this document. The aim is to derive an estimate of the rate of 
elevation change related to GIA, to be applied as a correction on the elevation trends derived from 
CryoSat-2. 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 (Figure 5.1). 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). Present-
day ice-mass changes induce an instantaneous elastic response of the Earth, and dominate the 
gravitational signal. 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 
surface displacement and relocation of mantle material. In addition to both mass changes, 
elevation change measurements are affected by changes in the 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. 

 

Figure 5.1 (identical to Figure 0.1): 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 
present- and GIA, allowing for a separation of both components. 
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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, the rate of surface displacement, 𝒚𝒖, and the 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. the thickness of the lithosphere and the mantle viscosity structure. 

The aim is to determine the three 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 
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 (Section 5.1.1), assuming the altimetry measurements are purely caused by present 
mass changes 𝒎𝒆; in a second step, GPS uplift rates are included to provide an update on the 
estimate of 𝒎𝒆(Section 5.1.2). 

Filtering 

Here, the kernels in equation 5.1 represent response functions to the disc load forcing described in 
Section 4, which are furthermore filtered consistently with the observation. For example, the 
gravity field kernels 𝑭𝒆/𝒗 are filtered according to the optimal parameters inferred for the GRACE 

data, e.g. optimal Swenson & Wahr 2006 de-striping filter, 200 km Gaussian smoothing and cut-off 
at degree and order 90 (Section 3). It should be mentioned that the Gaussian smoothing with 200 
km and cut-off degree and order 90 is currently applied; but not the anisotropic Swenson & Wahr 
2006 filter, as this would demand filtering each response function individually at each location of 
the geodesic grid Section 4), and vastly increase computational cost of the inversion. In addition, 
the degradation with stripe-like noise is a feature particular to the GRACE gravity fields, and its 
application to the response function may introduce unwanted artefacts. In contrast, the surface 
displacement kernels 𝑮𝒆/𝒗 are employed with a resolution of degree and order 2048, to be 

consistent with the point-measurements provided by GPS.  

Discretization and Earth model parameters 

In the following, the solution of Equation 5.1 will be realized for the GRACE and altimetry data, 𝒚𝒆 

and 𝒚𝒉, at the locations of the geodesic grid, Ω𝑖, 𝑖 = 1,2, …, 1175, covering both the continent and 

ice shelf areas in Antarctica (Figure 5.2). Thus, the viscoelastic kernels 𝑭𝒗 = 𝑒𝑖𝑘
𝐸𝑀 = 𝑒𝑘

𝐸𝑀(Ω𝑖) and 

  𝑮𝒗 =  𝑢𝑖𝑘
𝐸𝑀 =   𝑢𝑘

𝐸𝑀(Ω𝑖), where 𝑒𝑘
𝐸𝑀(Ω𝑖) and 𝑢𝑖𝑘

𝐸𝑀(Ω𝑖) represent, respectively, the response 
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functions of the potential disturbance and radial displacement of k-th disc load at i-th grid point 
for viscoelastic (EM), with the past load change leading to viscoelastic response of 𝒎𝑣 = {𝑚𝑘}𝑣. 
Similarly, 𝑭𝑒 , 𝑮𝑒,𝑯𝒆 and 𝑬𝑤 describe the elastic response functions to present load changes 
𝒎𝑒 = {𝑚𝑘}𝑒. For the combination including the surface displacement,𝒚𝒖, the data and model 
domains will be reduced to those discs which are closest located to the respective GPS sites, {Ω𝑗}. 

To account for the different rheological Earth structures of East and West Antarctica, viscoelastic 
kernels 𝑭𝒗 and 𝑮𝒗 are chosen differently (Figure 5.2); for East Antarctica a lithosphere thickness of 
200 km and no asthenosphere is assumed, for West Antarctica the lithosphere thickness is varied 
between 30 and 90 km and different asthenosphere viscosities, as well as the presence of a ductile 
layer is investigated (Table 4.1 in Section 4.3). 

 

Figure 5.2: Distribution of discs at the locations of the geodesic grid attributed to West and East 
Antarctica (left). The separation of West and East Antarctica is based on the deviation of the 
shear-wave velocity w.r.t. PREM (Dziewonski & Anderson, 1981) at 150 km depth determined 
seismic tomography (right); positive deviations indicate cold  mantle material, suggesting high  
viscosities and vice versa. From Danesi & Morelli (2001)  

Least-squares solution 

To solve Equation 5.1 for 𝒎 = { 𝒎𝒆, 𝒎𝒗, 𝒎𝒄} the method of least-squares is employed, in which 
(𝒚 − 𝒚𝑷)𝑇 (𝒚 − 𝒚𝑷) ! = min𝒎  ,  with 𝒚 = {𝒚𝒆, 𝒚𝒖, 𝒚𝒉}, 𝒚𝑷 = �̅�𝒎  is the predicted observable 
and  

�̅� = (

𝑭𝒆 𝑭𝒗 𝟎
𝑮𝒆 𝑮𝒗 𝟎
𝑯𝒆 𝑮𝒗 𝑬𝒘

) (5.2) 

The solution is given by  

𝒎 = (�̅�𝑇𝑪𝐷
−1�̅�)−1�̅�𝑇𝑪𝐷𝒚 ,   (5.3) 

where 𝑪𝐷is the co-variance matrix of the data.  
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However, since the problem is ill-posed, minimizing (𝒚 − 𝒚𝑷)2 may lead to an unstable solution of 
𝒎, characterized in that small changes in 𝒚 lead to large changes in 𝒎 and that 𝑚𝑘 for 
neighbouring discs show (unrealistically) large variations. A possible way to obtain smoother 
solutions is the Tykhonov regularization (e.g. Gubbins et al. 2004), which introduces, in its simplest 
form, the norm of the solution vector in the cost function, 

(𝒚 − 𝒚𝑷)𝑇 (𝒚 − 𝒚𝑷) + (𝒎𝑇𝒎) ! = min𝒎 ,  (5.4) 

leading to the least-squares solution 

 𝒎 = (𝑭𝑇𝑪𝐷
−1𝑭 + 𝜆2𝑰𝑇𝑰  )−1𝑭𝑇𝑪𝐷𝒚,  (5.5) 

where 𝑰 is the unit matrix and 𝜆 a damping factor governing the weight between the two penalty 
criteria in the cost function – a too small value of 𝜆 results in large variations of 𝒎 (‘chessboard’ 
solution), while a too large value of 𝜆 results in a too smooth solution and the loss of energy 
(‘over-smoothed’ solution). There are several strategies to determine the optimal smoothing 
parameter𝝀 (e.g. Gubbins et al. 2004). Here, we follow a heuristic approach employing a test field 
derived from the altimetry data and determining 𝜆 such that: 

i. roughness of solution corresponds to roughness of inverted field 

ii. solution 𝒎 within reasonable (physically meaningful) limits 

iii. total energy of test field is conserved 

The numerical experiments indicate an optimal value of 𝜆 = 102. 

5.1.1 Combination of GRACE and Envisat / ICESat 

Following Gunter et al. 2013, 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 10 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 (Figure 5.3) 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. 
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Figure 5.3: Scheme of procedures for combining GRACE, Envisat/ICESat and GPS data. Step 1 
involves producing a first-order GIA estimate based on ① subtracting present-day ice-mass 
change inferred from altimetry from the GRACE gravity field trends. In step 2, GPS uplift rates 
(also corrected with altimetry) are used to ② separate residual present-day ice-mass change 
from GIA; the residual present day ice-mass change is then used to ③ update the altimetry 
field describing present-day ice-mass change. Repeating step 1, the updated correction from 
altimetry is again ① subtracted and the ④ final GIA is estimated. 

5.1.2 Including GPS trends 

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 



 
ATBD 

Ref. REGINA_D3_1_issue_2.2 

Date 2015-01-13 

Page 57 of 66 
 

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 locations of each disc on the geodesic grid 𝑖. 

5.2 Results 

In the following section, results of the prototype combination are presented, first for combining 
GRACE and Envisat / ICESat (no GPS), later, including also GPS. The prototype relies on the baseline 
data sets and numerical simulation described in Sections 1 to 4. A summary of the post-processing 
applied and further assumptions in the data set underlying the prototype are given in Table 5.1. 
Unless stated otherwise, the prototype is based on the Earth model with a lithosphere thickness of 
60 km and an asthenosphere viscosity of 1 × 1019 Pa s, without a DL (simulation #15). 

Table 5.1: Specifications of data sets underlying the prototype GIA estimate. Please note that 
surface-mass balance (SMB) correction has not been applied.  

Variable 𝒚𝒉 𝒚𝒖u 𝒚𝒆 
Observable Rate of elevation change  Rate of radial displacement Rate of gravity field change 

Data set ICESat / Envisat combined Newcastle reprocessing  GRACE RL05 (GFZ) 

Temporal 
coverage 

Feb. 2003 to Oct. 2009 
(campaigns) 

1995-2014 (varies between 
sites) 

Feb. 2003 to Oct. 2009 
(monthly continuous; few 
gaps) 

Spatial 
coverage 

Antarctic continent Subset of 49 sites Global 

Filtering Swenson & Wahr 2006, 
200 km Gaussian, cut-off 
degree 90 

No Swenson & Wahr 2006, 
200 km Gaussian, cut-off 
degree 90 

SMB 
correction 

No No No 

Comments Initial grid 10 km; values 
with magnitude > 5 m/yr 
removed; interpolated to 
30 km grid before SH 
expansion 

Stations with signal-to-
noise ratio > 0.25; excluded 
FTP1  (offset likely in 2002) 
and MTCX (no coverage in 
GRAC period) 

Gravity field expressed in 
terms of equivalent water-
eight, using conversion 
approach. 

 

5.2.1 GIA estimate based on the combination of GRACE and Envisat / ICESat 

The following section presents results on the first-order GIA estimate; it is obtained by inverting 
the residual gravity field 𝜹𝒚𝒆 = 𝒚𝒆 − 𝑭𝒆𝒎𝒆 = 𝑭𝒗𝒎𝒗 for 𝒎𝒗 by the method of Tykhonov-
regularized least squares, and then predicting the surface deformation according to 𝒚𝒖 = 𝑮𝒗𝒎𝒗. 
Since the viscoelastic gravity rate and deformation rate kernels, 𝑭𝒗 and 𝑮𝒗 , depend on the Earth 
model parameters chosen, the resulting 𝒚𝒖 differs for the individual Earth model. This is visible in 
Fig. 5.4, showing the surface deformation obtained employing a thick (90 km) and thin (30 km) 
elastic lithosphere, both overlying a low-viscous asthenosphere of 1018 Pa s for West Antarctica. 
East Antarctica is held constant with a lithosphere thickness of 200 km. The thin elastic lithosphere 
allows for more localized flexure, leading to surface deformation of smaller spatial scales, while a 
thicker elastic lithosphere leads to longer wavelength spatial deformation and to differences in the 
predicted uplift rate of several mm/yr. 
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Figure 5.4: Rate of radial displacement associated with the first-order GIA estimate, for the 
optimized Swenson & Wahr 2006 filtering. Shown are results using an Earth model with a thick 
lithosphere of 90 km (left) and a thin lithosphere of 30 km (right), both with a asthenosphere 
viscosity of 1018 Pa s (Simulation #25 and #1, respectively, in Table 4.2). It is visible that the 
thinner lithosphere leads to a smaller scale spatial signal. GPS uplift rates are depicted as 
circles. 

Fig. 5.4 also shows a comparison with GPS uplift rates. It is visible that for many regions magnitude 
and sign agree, implying that the first-order elastic correction is adequate and that the residual 
uplift is mainly due to GIA. Of particular interest is the GPS record with site ID w05b, south of the 
Filchner-Ronne ice shelf, which yields uplift rates of several mm/yr in good agreement with the 
first-order GIA estimate for a thin lithosphere. Differences and uplift rates with opposite sign exist 
along the Antarctic Peninsula and the Transantarctic Mountains, suggesting a residual elastic 
component in the first-order GIA estimate.  

5.2.2 GIA estimate refinement including GPS uplift rates 

To proceed further from the qualitative validation of the GIA estimate in the section above, we will 
now include GPS uplift rates to update the present-day ice-mass change estimate from altimetry 
applied in step 1. For this, Equation 5.8 will be solved for an estimate of 𝛿𝒎𝒆 and 𝒎𝒗, which is 
then used to update the altimetry estimate of 𝒎𝒆 of step 1. Challenging remains that the locations 
of GPS uplift rates are sparse and unevenly distributed. Therefore, the update 𝜹𝒎𝒆 can only be 
estimated at the GPS locations (here, 49 most reliable records). To perform all operation on the 
geodesic grid, GPS locations will be approximated by the nearest geodesic grid node. 

5.2.2.1 Data availability 

Figure 5.5 shows the uplift rates measured by GPS 𝜹𝒚𝒖 versus the gravity field signal from GRACE 
𝜹𝒚𝒆at the location the geodesic grid nearest to the GPS sites. Both, GPS uplift rates and GRACE 
gravity field rates have been corrected for the first-order estimate of the present-day ice mass 
change from altimetry in step 1. The idea is that the ratio of both observations is an indication for 
the amount of elastic vs. viscoelastic deformation, i.e. residual present-day, 𝜹𝒎𝒆, vs. past ice-mass 
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change, 𝒎𝒗, which have complementary characteristics in the gravity and surface deformation 
fields. Here, we use the term residual present-day ice-mass change to indicate that a first-order 
estimate has already been subtracted. The accumulations of data points with 𝜹𝒚𝒆 ≈ - 7 mm/yr and 
δye ≈ +18 mm/yr are associated with stations located at the Antarctic Peninsula and at the 
Transantarctic Mountains, respectively, which show a large spread of uplift rates despite their 
respective proximity, suggesting errors and/or signatures of localized processes in the GPS data. 

In addition to the GPS and GRACE data, Figure 5.5 shows 𝜹𝒚𝒖 versus 𝜹𝒚𝒆 for a purely elastic 
deformation (green) and the viscoelastic deformations (orange) for the range of Earth model 
parameters considered. The complementary character of observables with respect to 𝜹𝒎𝒆 and 
𝒎𝒗 is visible; a positive gravity trend together with a positive uplift rate is indicative of GIA, where 
as a positive gravity trend caused by present-day ice-mass change leads to a negative uplift rate 
(see also Fig. 5.1).  

 

Figure 5.5: Rate of radial displacement measured by GPS versus rate of gravity change from 
GRACE, expressed as equivalent water mass change, at the location of the GPS sites, after the 
first-order correction for present-day ice-mass changes has been applied. Campaign 
measurements are indicated as red circles and attributed an error of ±10 mm/yr (error bar not 
shown). The elastic response for a disc load is shown in green, the viscous response for the 
range of Earth model parameters investigated are shown in orange. The predictions are 
truncated at spherical-harmonic cut-off degree and order 2048 (𝜹𝒚𝒖) and 90, including a 
Gaussian filter of 200 km (𝜹𝒚𝒆). 
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5.2.2.2 Assessment of elastic versus viscoelastic uplift at GPS sites 

Figure 5.6 shows the first-order GIA estimate expressed as rate of equivalent water-height change 
𝛅𝐲𝐞, overlain are the amount of elastic vs. viscoelastic deformation at the respective GPS station,  

|�̂�𝒗
𝒖|

|�̂�𝒆 
𝒖 | + |�̂�𝒗 

𝒖 |
 

identified by simultaneously estimating 𝜹𝒎𝒆 and 𝒎𝒗, where �̂�𝒗
𝒖 = 𝑮𝒗𝒎𝒗 and �̂�𝒆

𝒖 = 𝑮𝒆𝜹𝒎𝒆 are 
the predicted elastic and viscoelastic uplift rates. 

It is visible that the prominent gravity rate anomaly in the Filchner-Ronne ice shelf is clearly 
attributable to viscoelastic deformation, as well as in many places throughout the continent. In 
contrast, anomalies along the Antarctic Peninsula and Dronning Maud Land are dominated by 
elastic deformation, which was not entirely removed by using altimetry data in step 1.   

 

Figure 5.6: Rate of equivalent water-height change associated with the first-order GIA estimate 
[specify Earth model], and ratio of elastic versus viscoelastic deformation identified in the GPS 
records. Black (white) circles indicate uplift dominated by viscoelastic (residual elastic) 
deformation; grey circles indicate the presence of elastic and viscoelastic deformation. 

5.2.2.3 Assessment of density-driven rates of elevation change 

To assess the plausibility of the update 𝜹𝒎𝒆 on 𝒎𝒆, Figure 5.7 shows the equivalent water-height 

change of 𝒚𝒉 = 𝑯𝒆𝒎𝒆 and 𝜹𝒚𝒉 = 𝑯𝒆𝜹𝒎𝒆. If 𝒚𝒉 and 𝜹𝒚𝒉 exhibit opposite signs, the update 𝜹𝒎𝒆 
can be interpreted as an adjustment of the initial density 𝜌𝑖 =  910 kg/m³ towards lower values, 

attributing the observed 𝒚𝒉 more to a snow / firn density anomaly than an actual mass change. An 
example is the confined negative anomaly in Dronning Maud Land, East Antarctica, which is 
updated to less negative values using GPS, suggesting that part of the negative dh/dt is related to 
snow / firn densification. Another example, are the positive dh/dt values along the southern 
Antarctic Peninsula, which are most likely in part related to accumulation events, suggested by a 
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negative update on the dh/dt inferred from GPS. More complicated is the situation along the 
Transantarctic Mountains, where the GPS uplift rates suggest a strong positive update on the 
initial dh/dt, which is close to zero at these locations. A possible explanation is that systematic 
errors in the GPS records require further attention. 

 

Figure 5.7: Rate of equivalent water-height change of the initial altimetry data, 𝒚𝒉 (left) and GPS-

based update to the initial altimetry data for present-day ice-mass changes 𝜹𝒚𝑰𝑪𝑬
𝒉  (right). The 

white circles indicate the locations (not the uplift rates) of the GPS sites included, around which 
the update is constrained. For other regions the update is constrained.  

5.2.3 Prototype GIA estimate for CryoSat-2 

Figure 5.8 shows the first-order GIA estimate based on the combination of GRACE and Envisat / 
ICESat data, as well the resulting GIA estimate when additionally GPS uplift rates are included. It is 
visible that the update on the present-day ice-mass changes applied to the altimetry data (Figure 
5.7, right) reduces the magnitude of surface displacement anomalies along the Antarctic 
Peninsula, Coats Land, Dronning Maud Land and the Transantarctic Mountains, that would be 
falsely attributed to GIA. Unfortunately, GPS coverage is not available in some regions, for 
example in the Bellinghausen Sea Sector, hampering the further separation of elastic and 
viscoelastic deformation.  
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Figure 5.8: Rate of radial-displacement of the first-order GIA estimate based on the combination of 
GRACE and Envisat / ICESat data (left), and the GIA estimate additionally including GPS uplift 
rates (right).  

5.3 List of data sets 

 Prototype estimate of the rate of radial displacement due to GIA in Antarctica on a 10 x 10 
km grid to be applied to Cryosat-2 elevation trends 
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