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Abstract. The measurement of glacial-isostatic adjustment (GIA) is one of the key ways 

in which geophysicists probe the long-term mantle rheology and Pleistocene ice history. 

GIA models are also tied to global and regional relative sea-level (RSL) histories, to 20th 

century tide-gauge (TG) data and to space and terrestrial geodetic measurements. Two 

new types of observation are related to the high-resolution space-gravity data recovered 

from the Gravity and Climate Experiment (GRACE) satellite pair and the soon-to-be 

launched Gravity and Ocean Circulation Experiment (GOCE) with on-board three-

component gradiometer. Gravity mapping has the unique capability of isolating those 

regions that lack isostatic equilibrium. When coupled with other space and terrestrial 

geodetic measurements, such as those of the Global Positioning System (GPS) 

networks and with multi-decade terrestrial gravity data, new constraints on GIA are in the 

offing and should soon illuminate new interpretations of ice-sheet history and mantle 

response. GIA studies also incorporate space-based altimetry data, which now provide 

multi-decadal coverage over continents, oceans and lakes.  As we are approaching 72 

monthly solutions of GRACE gravity coefficients for determining the Earth’s secular 

component of gravity change over the continents, a new issue has surfaced: the problem 

of relying on interannual hydrological modeling to determine the hydrological contribution 

to the linear trend in the gravity field. Correctly extracting this contribution is germane to 

using the GIA-driven component for modeling solid-Earth and paleo-climatic parameters. 

 

Seismic and heat-flux based models of the Earth’s interior are emerging with ever 

higher levels of sophistication regarding material strength (or viscosity). A basic question 

raised is: how good are traditional Newtonian and non-Newtonian viscosity models that 

only allow radial variations of Earth parameters?  In other words: under what 
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circumstances must this assumption be abandoned for joint interpretations of new and 

traditional data sets. In this short review we summarize the issues raised in the papers 

forming this Special Issue (SI) dedicated to GIA. 

 

1. Introduction 
 

Mapping both the static and the time-varying Earth’s gravity field as well as crustal 

uplift/subsidence patterns has long been known to be a key element for constraining 

glacial-isostatic adjustment (GIA) and, therefore, for providing critical data for 

constraining mantle viscosity on times scales of thousands to millions of years (e.g. 

O’Connell, 1971; Cathles, 1975; Kaula, 1978; Peltier, 1982).  In this Special Issue (SI) of 

the Journal of Geodynamics eleven contributions are assembled that address the issue 

of time-varying gravity modeling, advanced 3-D numerical modeling and new 

combinations of altimetry, TG, GPS and GRACE data in order to determine more 

rigorously which models are compatible with the data for a variety of ice-sheet 

chronologies.  The emphasis is on the solid-Earth and ocean responses to the former 

Laurentide and Fennoscandian ice sheets, as there is a wealth of relevant data coming 

from the North American GPS array and from the high-resolution BIFROST array in 

northern Europe.  There is also great progress in integrating multi-decadal terrestrial 

gravity into new imaging of secular gravity derived from the GRACE mission since 2002.  

One of the functions of GIA models, within the broader field of environmental and 

paleoclimate sciences, is to provide the crustal motion and gravity changes, with error 

estimates, associated with the Earth’s viscous memory of past ice-water loading (e.g. 

Mitrovica et al., 2008).  This review is aimed at some of the issues under debate 

regarding how the uncertainty is estimated for the GIA models and where future 

modeling might find the most rewarding paths.  The review is not intended to be 

comprehensive, but rather to provide some guidance and background for the topics of 

the SI. 

 
 
2. Terrestrial Observing Systems 
 

Absolute and relative gravity observations have been conducted in North America 

and Scandinavia (e.g. Ekman and Mäkinen, 1996; Lambert et al., 2001; Pagiatakis and 
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Salib, 2003) for several decades. Such data sets are capable of detecting the secular 

increase in the geoid as mantle material returns to a gravitational quasi-equilibrium 

position that existed some 70 to 110 thousand years before present (kyr BP), at the 

beginning of the last glaciation.  These data complement uplift and relative sea-level 

records and provide constraints on combinations of upper- and lower-mantle viscosity 

regimes (e.g. Wolf et al., 2006; Sella et al., 2007). Some constraints can also be placed 

upon the ice-sheet chronology from such data (e.g. Lambert et al., 2001; Tarasov and 

Peltier, 2004).  The symbols of the relevant observables used here are tg, tN, tw, 

hrsl(t) and thmsl for time-rate of change in (surface) gravity, geoid, vertical crustal 

motion and relative height of mean sea-level indicated by paleo-shorelines (with age 

usually determined by radiometric dating) and TGs, respectively. Each of these can be 

interpreted as a geodetic quantity, with the exception of hrsl(t), which is based on a 

variety of geomorphological or stratigraphic indicators of former sea level.  The current 

accuracy of GPS-derived secular horizontal motion at the 1-mm/yr level means that GPS 

point positioning data may be used to determine the time-rate of change in  (vector) 

horizontal crustal motion, tu (e.g. Lidberg et al., 2007). Throughout, the operator t is 

employed to indicate either the modeled or the observed (based on a least-squares 

estimate) time derivative, albeit, for observing periods of less than a decade, these may 

be contaminated by interannual oscillations. Terrestrial systems capable of detecting 

GIA require a number of years of installation, and an important first step is to calibrate 

and register tidal and other environmental loading signals.  Gravity is particularly 

sensitive to nearby changes in the cryosphere or hydrosphere and benefits from 

complementary vertical bedrock observation and, possibly, TG information (e.g. Sato et 

al., 2006). The registration of ocean and body tides is the subject of the paper by Sato et 

al. (2008). It describes a new observational system in Alaska whose goal is to provide 

data combinations that allow a better separation of crustal uplift and secular gravity 

variation due to present-day ice-mass changes from those due to Little Ice Age changes, 

as the latter dominate crustal uplift (Larsen et al., 2005). Since the Alaskan glacier 

demise is now a major contributor to global sea-level rise (about 0.25 mm/yr, Luthcke et 

al., 2008), there is a compelling rationale for installing such a system.  Alaskan glacial 

loss was one of the first environmental observations inferred from the GRACE satellite 

mission (Tamisiea at el., 2005).  Tidal signals recorded by gravimeters have peak-to-
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peak amplitudes of 150 μGals (1 Gal = 0.01 m/s2), while GIA-related trends are about 

two orders of magnitude smaller over one year. 

 

Sato et al. (2008) also address the solid-Earth response to the ocean tidal load 

directly above the subducting Pacific plate. Motivated by the predictions of a finite-

element model (FEM) for elastic surface loading, Zürn et al. (1976) suggested that very 

accurate tidal recordings are especially sensitive to the higher rigidity of the slab. 

However, Sato et al. (2008) demonstrate that both the ocean tide and instrumental errors 

frustrate such discrimination. 

 

Davis et al. (2008) work towards a better reconciliation of the north-south variability in 

thmsl along the United States east coast, as compiled in Permanent Mean Sea Level 

(PMSL) TG data. They use a self-gravitating FEM model for GIA with a 3-D viscosity 

distribution inferred from a seismic-velocity model. A potentially important feature is the 

ancient subduction of the Farralon Plate, some 80 million years ago, which has now 

penetrated into the top half of the lower mantle beneath the Atlantic (e.g. Bunge and 

Grand, 2000; see also Fig. 2 of Davis et al., 2008). The specific feature of the PMSL 

data along the eastern seaboard is that, from 37˚ to 43˚N, the observed secular rate 

thmsl decreases from 4 to 1.5 mm/yr.  Some of this variability can be explained by a 

combination of GIA forebulge collapse and self-gravitational effects, but other 

contributions, such as ocean thermosteric effects, are required to reconcile fully the 

misfit between prediction and observation. A key question is whether mantle models with 

more realistic lateral structures increase the predicted sea-level gradient, bringing it 

closer to the observed north-south trend.  The required improvement is near the 1-mm/yr 

level. 

 

 Although no noticeable improvement in north-south trend results from the 3-D 

modeling effort, Davis et al. (2008) discover a model feature that is both ubiquitous and 

important.  By differencing the predicted thmsl for 1-D and 3-D models (for equal radially 

averaged viscosities), respectively, they are able to show that, by using the 

seismologically constrained 3-D viscosity distribution, the predictions of GIA-corrected 

inferences of sea-level rise are smaller by about 0.5 to 0.7 mm/yr (see Figure 4 of Davis 

et al., 2008).  In other words, the GIA-predicted thmsl corrections are larger by this 
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amount for 3-D viscosity models than for the equivalent 1-D models.  The physical 

reason for this is the broader peripheral-bulge collapse that is predicted by the 3-D 

model, which contains the presumably colder Farralon plate beneath the eastern 

seaboard of the United States.  

 
3. Predictions and Constraints for 3-D Models 

 
While there is now a long history of predictions based on self-gravitating Maxwell-

viscoelastic 3-D Earth models, there has been relatively little success in developing 

models that definitively improve the fit of predictions to GIA data. However, advances in 

combining geologic, paleomagnetic and seismic data that constrain plate motions 

together with new global GPS reprocessing and reference-frame definition (e.g. Altamimi 

et al., 2007; Rülke et al., 2008) now offer new possibilities.  Klemann et al. (2008) 

employ a spectral-FEM method (Martinec, 2000) for predicting horizontal and vertical 

GIA motions, using heat-flux and seismic data to quantify lateral variations of lithosphere 

thickness.  The global model is fairly well-resolved, with spherical-harmonic truncation at 

lmax = 156, corresponding to a plate-boundary width of 200 km. The upper mantle has a 

viscosity of 1021 Pa s and is assumed also to fill the volume of the plate-boundary zones. 

By decomposing the predicted motion into toroidal and poloidal components, Klemann et 

al. (2008) demonstrate that GIA velocity fields are equipartitioned in their predicted 

spherical-harmonic degree spectra above l = 5, whereas all 1-D models predict purely 

spheroidal motions, analogous to modeling of mantle convection and plate tectonics 

(e.g. Becker, 2006). One result of this prediction is that GIA generates a measurable 

component of plate rotation, which is absorbed into the International Terrestrial 

Reference Frame (ITRF) global plate solutions, such as the recent ITRF2005 plate-

motion model (Altamimi et al., 2007) and into contemporary plate-mantle kinematic-

dynamic motion theories (e.g. Zandt and Humphreys, 2008).  

 

The recent exploration of 3-D models has tempered the enthusiasm for being able to 

infer a high-resolution radial viscosity profile, and Paulson et al. (2007a) even suggested 

that GIA data are only able to resolve the horizontally averaged upper- and lower-mantle 

viscosities due to the uncertainty in the 3-D viscosity structure and the increased non-

uniqueness of the model predictions. In contrast, other studies suggest that, where 
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variability is controlled by independent information and ice-sheet configurations are well 

known, GIA data help constrain lateral variations in lithospheric strength (e.g. van den 

Berg et al., 2006).  In this spirit, Wang et al. (2008) develop a strategy for retrieval of new 

constraints on the thermal contribution to the lateral viscosity structure of the mantle, 

using a 3-D self-gravitating Earth model for GIA predictions and a simple relation 

between seismic P-wave velocity and temperature as well as viscosity and temperature 

(Ivins and Sammis, 1995).  Comparison of model predictions to observations of tg, 

tw, hrsl(t) and tu suggests that the thermal contribution accounts for some 30 to 60% 

of the lateral heterogeneity.  The strategy indicates that horizontal-motion data inferred 

from GPS experiments in Scandinavia provide the most promising constraints. The 

density of the Fennoscandian network is roughly one continuously operating station per 

2700 km2, whereas the North American continuous network has less than half this 

density and, usually, less than half the total observation period (e.g. Henton et al., 2006; 

Lidberg, et al., 2007; Sella, et al., 2007). 

 
4. GRACE  Space Gravity 

 
One of the fundamental questions in solid-Earth science is to determine what 

constitutive relationship governs the microscopic creep underlying both mantle 

convection and GIA (e.g. Karato and Wu, 1993).  Having developed a long history of 

research in this area, Wu (2008) tests the assumption of power-law rheology with 

additional constraints coming from the GRACE data ( tN), new GPS uplift data ( tw), 

along with vertical motion inferred from relative sea-level histories (hrsl(t)). In a previous 

study Wu (2001) concluded that a number of parameters of the non-linear constitutive 

law can be bounded by hrsl(t) data from the peripheral margins of ancient ice sheets, with 

the main upshot being that these data favor constitutive relations dominated by linearity. 

In his reassessment Wu (2008) now considers what properties of a particular ice-sheet 

history (ICE-4G, also see Peltier, 2004) must be altered in order to allow a larger degree 

of non-linearity in the rheology, as this is a feature favored by laboratory experiments 

and compatible with recent post-seismic deformation studies (e.g. Freed et al., 2006).  

All models with ICE-4G and non-linear rheology, however, fail to reach the magnitudes 

exhibited by GIA observables, including the new space-gravity data from GRACE.  On 

the other hand, Wu (2008) finds that a model having power-law rheology restricted to the 
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lower mantle correctly predicts the observations near the ice-sheet margins and along 

the peripheral bulges, with the proviso that the ICE-4G model is modified in two ways: 

the chronology must be younger by about 2 kyr and the Laurentide ice sheet must be 

thicker by a factor of about 1.5.  

 

In Figures 1 and 2 the GRACE-observed (frames a) and predicted (frames b) GIA 

trends are portrayed as the surface water-layer thickness rate of change in mm/yr.  

Conversion factors from Stokes coefficients to equivalent water-layer thickness 

coefficients and the l-dependent Gauss smoothing radius are taken from Wahr et al. 

(1998) without elastic Love-number corrections. The predicted time-rate of change in 

Stokes coefficients are computed using the time-domain formulation for a self-gravitating 

Maxwell-viscoelastic layered sphere by Ivins et al. (1993) and the ICE-5G model. The 

viscosity structure assumed is 1-D. It is similar to the VM-2 model employed for 

constructing the ICE-5G model (Peltier, 2004) and also to the models used by Mitrovica 

and Forte (2004).  What is remarkable about the GRACE results for northern North 

America and Scandinavia is how close the signals are to the predictions, in spite of a 

large hydrological interannual signal unremoved from the GRACE Level-2 product 

(Tapely et al., 2004). Paulson et al. (2007b) noted that positive hydrological trends 

extracted from the Global Land Data Assimilation (GDLAS) model of Rodell et al. (2004) 

in the region of the Laurentide ice sheet are only about one tenth of the total GRACE 

trend deduced from the CSR-04 (April 2002 to December 2006) coefficient set, each 

Gauss filtered with a 400-km smoothing radius.  

 

A major effort, however, was to remove the hydrological signal and to perform tests to 

ensure that signals from adjacent regions, such as from interannual ice-mass loss in 

Greenland, the Devon Ice Cap, southeastern Alaska, Svalbard etc., do not contaminate 

the recovery of a particular GIA signal (Tamisiea et al. 2007).  This is the topic of three 

papers in the SI by Rangelova and Sideris (2008), van der Wal et al. (2008) and Steffen 

et al. (2008).  Figures 1 and 2 show substantial mismatches between the GRACE signal 

(uncorrected for hydrology, frames a) and the model prediction for ICE-5G (frames b). 

The study by Tamisiea et al. (2007) also relied on surface-gravity measurements, an 

aspect of the modeling that is reinforced by the mentioned three studies.  Although still 

lacking an appropriate portrayal of the Antarctic melt component (Ivins and James, 
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2005) and less fine-tuned than the Australian National University model for Eurasia, the 

latest global ice model from the University of Toronto does treat North America in a 

greatly improved manner (Tarasov and Peltier, 2004) compared to ICE-4G.  It features 

the thicker Laurentide ice at Last Glacial Maximum (LGM, 21 kyr BP), but does not have 

the 2 kyr younger chronology proposed by Wu (2008) in his study of power-law rheology.  

The ICE-5G model is expanded into spherical harmonics to lmax = mmax = 256 and the 

expansion is shown in Figure 3 at LGM as contours of relative ice thickness (with respect 

to present-day ice thickness). Note the very large ice thicknesses marked by the 5000-m 

contours in North America. Eurasian ice at LGM, in contrast, has peak thicknesses at the 

3000-m level (see the two small regions of blue color in Figure 3 in northern Europe).  A 

prima facie observation is that both the average thicknesses at LGM and the GRACE 

trend magnitudes have a 4:1 ratio between Laurentia and Fennoscandia, consistent with 

the mass ratio of the ice sheets (Peltier, 2004).  This indicates that, near the rebounding 

centers, the hydrological contribution is relatively mute, but near the periphery, where 

much of the model sensitivity exists (Davis et al., 2008; Wu, 2008), its satisfactory 

modeling is crucial.  

 

In contrast to the study by Paulson et al. (2007b), the analysis by van der Wal et al. 

(2008) indicates that an increase in water mass occurs southwest of Hudson Bay from 

mid-2003 through mid-2006, having half the maximum of the GRACE-determined trend 

for 2002 to 2007.  The hydrological trend is identified using a principal-component 

analysis, a technique well-known in atmosphere- and ocean-data analysis (e.g. 

Obukhov, 1947; Peixoto and Oort, 1992) and also employed in the analysis of 

Rangelova and Sideris (2008).  In the study by van der Wal et al. (2008) it was 

necessary to employ three hydrological models and to determine overall optimum 

month-to-month consistency with the GRACE data.  The optimum model for the period 

considered is the GDLAS model (Rodell et al., 2004), a result also obtained by Tamisiea 

et al. (2007).  The application of the model for extracting the GIA signal is, nonetheless, 

problematic, since hydrological models are not expected to predict a truly secular signal. 

Thus, the extraction is dependent upon the sampling period.  Interestingly, van der Wal 

et al. (2008) find a smaller misfit to the ICE-3G Laurentide ice-sheet history than to that 

of ICE-5G.  The difference over North America between the two ice models at LGM is 

substantial, with the mass of the former about 22% smaller than that of the latter. 



 9 

 

 
5. Combinations of Space and Terrestrial Gravity Data 

 

The study by Rangelova and Sideris (2008) places emphasis on putting GRACE-

derived rates of geoid change into an analysis framework identical with that of terrestrial 

time-independent gravity data (Lambert et al., 2001, 2006; Pagiatakis and Salib, 2003) 

and GPS-derived vertical-motion data (Henton et al., 2006). As a consequence, a least-

squares collocation method is applied to the combined data.  However, as noted by 

Rangelova and Sideris (2008), the combination introduces uncertainty, which is probably 

larger than the uncertainty in the GLDAS hydrology model, due to the irregular temporal 

sampling of the gravity data and the short sampling period for the bulk of the GPS data.  

After recasting the combined data sets, a rotated principal-component and empirical 

orthogonal-function (PC/EOF) analysis is performed on a 1° x 1° grid.  The rotated PCs 

point to inadequacies in the hydrology models, as substantial annual signals emerge in 

the ‘corrected’ time series (see their Figure 5b). Of significance is that the rotated 

PC/EOF method may also provide a way to avoid leakage contamination caused by 

Alaskan and Greenland interannual ice-loss signals. The basic idea is that the 

orthogonality condition allows strong cryospheric seasonal and interannual behavior to 

be collected as a single eigenmode. Rangelova and Sideris (2008) conclude that the 

GRACE least-squares fit and the first rotated PC/EOF have common features when 

compared to the ICE-5G prediction. In particular, the peak GIA-model amplitude exceeds 

that of the combined data for either analysis type by about 25 to 39% at position 58°N, 

96°W, just west of Hudson Bay, and both analyses show lobate structure in 

southeastern Hudson Bay (as in Figure 1 a). One possible implication is that errors in 

the hydrological model continue to be significant and that these undermine the search for 

GIA constraints using time-varying gravity data from GRACE.  The reasons for the 

differences in the solutions found by a rotated PC/EOF method and the analyses of 

Tamisiea et al. (2007) and Paulson et al. (2007b) are not entirely clear. However, the 

choice of the PC/EOF analysis for deciphering the geophysical sources for the signal 

observed in the GRACE time-series clearly has a number of advantages (Schrama et al., 

2007). 
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Steffen et al. (2008) compare the predicted GIA gravity with the GRACE trend 

solutions for Fennoscandia, a study similar to that for the Laurentide postglacial 

relaxation.  At least four features are different, however, two of which are obvious from 

Figures 1 to 3: the smaller wavelength of the Fennoscandian rebound and its 1:4 

reduction in observed and theoretical rates of change.  Both differences imply a third 

difference: the promoted importance of a reliable linear trend in the hydrological models. 

A fourth difference is also quite fundamental: the relative abundance of data from 

terrestrial geodetic networks capable of constraining the magnitude and pattern of  

vertical motion in Fennoscandia (e.g. Ekman and Mäkinen, 1996; Milne et al., 2004; 

Mäkinen et al., 2006; Lidberg et al., 2007). The comparative robustness of the modeled 

network data imply that any GRACE-based GIA solution, once corrected for the 

hydrological trend, will have far fewer free fitting parameters, compared to North 

America, for inverse models that have appropriately integrated terrestrial geodetic data.  

Hence, flaws in the hydrological models or tidal de-aliasing products (e.g. Ray and 

Luthcke, 2006), atmosphere- and ocean-model imperfections or other correlated 

sampling errors  (e.g. Bettadpur, 2007) should become readily apparent in solutions for 

GIA. Steffen et al. (2008) reveal substantial deficiencies of the hydrological models and, 

in particular, show that GRACE solutions using LaDWorld or WGHM disagree by more 

than 20%. Also, neither model can explain the large positive secular change in mass 

inferred over Belarus and Ukraine (see Figure 2a).  Table 1 summarizes GIA studies 

based on GRACE including those of the SI.  

 

Time series from TG recordings in the Great Lakes may be compared to satellite-

altimetry derived sea-surface height (SSH) time series.  The latter are local sea-level 

data, while the former are referenced to the center of figure of the Earth. By differencing 

these altimetry data with local TG time series, point-wise vertical crustal motions may be 

inferred (e.g. Nerem and Mitchum, 2002).  For the open ocean, SSH maps show 

decade-long trends and yield valuable information on global and regional sea-level 

change (e.g. Cummins et al., 2005).  For densely monitored coastlines along the margin 

of large enclosed seas or lakes, such as the Black Sea, altimetry and TG combinations 

can be used to provide vertical crustal-motion data as well as their regional gradients 

(e.g. Garcia et al, 2007). When collocated with TG stations or at sites nearby, GPS 

vertical-displacement data allow the local rate solutions to be placed into a global 
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geodetic framework.  This provides an excellent source for precise GIA-related tw data 

in the Great Lakes region to further constrain GIA forward models.  This is the main topic 

addressed in the paper by Braun et al. (2008) in the SI. 

  

The number of stations that can be used in the study of GIA in the Great Lakes region 

is impressive. Braun et al. (2008) employ only subsets of the 55 TG and 70 GPS sites 

available, utilizing optimized tide-gauge/altimetry (TG/ALT) combinations (see their 

Figures 2 and 3).  The TG/ALT and stand-alone GPS data are compared to predictions 

of 70 GIA models by combining three ice-load histories (ICE-3G, 4G & 5G) with a broad 

range of 1–D and 3-D viscosity models. The Great Lakes data are from the transition 

zone between present-day uplift and subsidence at the southern margin of the LGM 

Laurentide ice sheet.  The authors show that the data are best satisfied using the ICE-

3G model, a fact that should be considered when designing the next generation of ice-

sheet models.  

 

6. Combinations of GOCE with Altimetry and Space-Gravity Data: The 
Future 

 

Information on the viscosity of the shallow upper mantle is highly dependent upon the 

tectonic province considered.  To date, no spatially comprehensive data set has been 

collected that constrains mantle viscosity in the shallow mantle, above the 410-km 

seismic discontinuity, on a continental scale. Only for Fennoscandia do current 1-D 

models come close to realizing such a broad-scale constraint on the viscosity above 

410-km depth (e.g. Milne et al., 2001). However, petrological (e.g. Wood, 1995), rock-

mechanical (e.g. Karato, 1997) and seismic-imaging data showing slabs entrained in 

flow just above the 660-km discontinuity (e.g. Huang and Zhao, 2006) independently 

indicate that the upper mantle is rheologically stratified down to the 410-km discontinuity. 

The rheology of the lower continental crust is also under debate (e.g. Klemann and Wolf, 

1999). Understanding the strength contrast between the lower crust and the peridotites 

(that lie at the base of the crust) remains one of the fundamental problems in continental 

tectonophysics (e.g. Afonso and Ranalli, 2004). 
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In the SI Vermeersen and Schotman (2008) suggest that the high resolution of the 

GOCE gravity mission is accompanied by enhanced sensitivity to the details of the 

viscous stratification in the top 400 km of the mantle and in the continental crust. The key 

is to map the static geoid near the margins of the ancient Laurentide and Fennoscandian 

ice sheets to spherical-harmonic degree and order 150.  Features that have geoid-

undulation wavelengths of 200 km could then be well resolved during the 18-month 

GOCE mission. Vermeersen and Schotman (2008) compute forward models showing 

that a detectable geoid perturbation of 0.25 to 1 m can be induced by a thin sandwich 

layer of very low viscosity within and below the elastic lithosphere. However, geophysical 

filters must be assembled that remove other static geoid signatures, including those 

associated with ocean circulation or of solid-Earth origin, such as sedimentary and 

petrologic lateral variability. After such filtering, the GOCE mission could provide new 

constraints on the creep strength and, ultimately, better illuminate the physics and 

chemistry of the Earth’s lower crust and shallow mantle on a continental scale. GIA 

models that use both GOCE-determined static and GRACE-determined time-varying 

fields in concert with crustal-motion data could tighten the bounds on the viscosity 

structure above the 410-km discontinuity.  

 

An advantage of GRACE observations over terrestrial data is the excellent long 

wavelength coverage of the former. This wide field of view offers certain advantages 

despite the high-degree and -order stripping related to sampling (Bettadpur, 2007)., 

Radar and lidar mapping potentially have similar capabilities in terms of coverage and, 

indeed, have been very effectively used for studying surface changes of ice sheets, 

oceans, lakes and sea ice.   

 

The Ku-band 10-Hz radar-mapping instrument onboard the TOPEX/POSEIDON (T/P) 

satellite has a demonstrated wide-swath capability with an along-track resolution of 0.6 

km. Having developed a novel retracking algorithm that exploits the 10-Hz/64-sample 

waveforms and applying this to 355 consecutive 10-day orbit cycles of the T/P mission, 

Lee et al. (2008) stack this vertical-height information with respect to the C-band SRTM 

DEM (16-m absolute error and 6-m relative error) on a reference ellipsoid with geoid 

undulations on a 360-degree and -order representation of the EGM-96 gravity model. 

The stacked retracking algorithm is capable of detecting height changes provided that 
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subsets of the orbit cycles are highly repeatable. Lee et al. (2008) demonstrate the 

feasibility of this for the south coast of Hudson Bay, where the standard deviation of 

retracked satellite-to-surface heights is 2 m or less.  The algorithm must be accurately 

corrected for tropospheric- and ionospheric-path delays. For these, the European Center 

for Medium Range Weather Forecasting (ECMWF) model and direct DORIS data, 

respectively, were employed.  Surface-gradient corrections must also be applied to the 

SRTM DEM model.  

 

An advantage of the T/P satellite is the length of its period of continuous operation: 

1992 to 2003. Furthermore, global height-change detection is achieved at a 4-mm/yr 

accuracy level (see Figure 5 of Lee et al., 2008). In the paper by Lee et al. (2008) a 

spatially comprehensive sub-decimeter-level multi-year mapping procedure is carried out 

just south of Hudson Bay, with formal uncertainties ranging from 2.5 to 5.0 mm/yr, and 

integrated into GRACE-, TG-, altimetry- or GPS-inferred vertical motion in order to obtain 

a uniform data set near the southern margin of the ancient Laurentide ice sheet. This 

offers the complementary employment of two spatially and temporally turgescent 

techniques, altimetric and space-gravity mappings, for determining GIA patterns and 

magnitudes in the future. Wu et al. (2002) analyzed the simultaneous measurement of 

the GIA signal in Canada by ICESat (Ice, Cloud, and land Elevation Satellite) and by 

GRACE and concluded that joint inversions of the data sets might be capable of 

determining the Laurentide ice-sheet thickness with errors of less than 300 to 400 m at 

LGM.  Clearly, the full exploitation of such data combinations holds promise in 

formulating strategies for the next generation of advanced GIA observing systems. 

 

 

7. Summary 
 

 The last decade has witnessed important advancements in the resolution and 

accuracy of forward modeling of GIA using 3-D viscosity structures (e.g. Davis et al., 

2008; Klemann et al., 2008; Wang and Wu, 2008) and the consideration of more realistic 

non-linear rheologies (e.g. Wu, 2008). During the past five years, however, the most 

pronounced advances in understanding GIA have been derived from the advanced 

observing systems onboard ongoing satellite missions (e.g. CHAMP, GRACE) and, more 
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recently, from progress in realizing a geodetically stable reference frame (ITRF2005), 

from which GPS observations (e.g. Klemann et al., 2008; Rülke et al., 2008), a variety of 

T/P-altimetry, TG, terrestrial-gravity and GPS data combinations take advantage (e.g. 

Braun et al., 2008; Lee et al., 2008; Sato et al., 2008). Comprehensive time-dependent 

gravity mapping using GRACE (e.g. Rangelova and Sideris, 2008; Steffen et al., 2008; 

van der Wal et al., 2008) now offer an eight-year-long time series, from which 

unprecedented improvements in understanding GIA will emerge provided that advances 

are simultaneously achieved in interannual hydrology modeling. The GOCE mission, 

slated for a mid-2008 launch, is expected to provide valuable high-resolution mapping of 

the static geoid. This mapping will further an understanding of the mode of GIA  in the 

shallow upper mantle and lithosphere (e.g. Vermeersen and Schotman, 2008) and 

advance  an understanding of the size and collapse history of the ancient ice sheets in 

Arctic Canada and in the northern parts of Fennoscandia and the Barents Sea.    
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Figure Captions 
 
Figure 1.  (a) Laurentian GRACE-derived water-equivalent mass changes and (b) ICE-

5G model prediction for a lowermost lower-mantle viscosity of 4 x 1021 Pa s, an 
uppermost lower-mantle viscosity of 1.9 x 1021 Pa s, an upper-mantle viscosity of 5 x 
1020 Pa s and a lithosphere thickness of 100 km.  The GRACE signal is unfiltered by 
hydrological modeling. The GRACE Level 2 product employed is from Release 01 of 
the Center for Space Sciences (CSR), which uses the months January 2003 to 
December 2006, excluding July 2003.  The harmonics are truncated at degree and 
order 60 and a Gauss filter of 575-km radius is applied. 

 
Figure 2.  (a) Fennoscandian GRACE-derived water-equivalent mass changes and (b) 

ICE-5G model prediction for the viscosity model used in Figure 1 and without 
hydrological modeling.  Since the emergence of a clear rebound signal requires a 
longer period of GRACE observation than in Figure 1, Release 04 of CSR is 
employed, which uses the months January 2003 to December 2006, excluding July 
2003.  The spherical harmonics are truncated at degree and order 60 and a Gauss 
filter of 575-km radius without destriping is applied. 

 
Figure 3.  Northern hemispheric ICE-5G ice sheet model at LGM. Ice sheets are 

resolved in a spherical harmonic expansion of the differential ice thickness in meters 
with respect to today’s thickness (on a rigid Earth and without the ocean load deficit) 
to degree and order 256.   
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Table 1. GRACE studies of GIA in  North America and Fennoscandia (S2008). 
Study T2007 P2007 W2008 R2008 S2008 

SH 
release 

CSR R01 (04/02 to 
04/06) 

CSR R04 
(04/02 to 12/06) 

CSR R04 (08/02 
to 07/07) 

CSR R01 (04/02 to 
03/06) 

CSR R04 (04/02 to 05/07), JPL R04 
(01/03 to 04/07), GFZ R04 (08/02 to 
03/07) 

ice 
model 

ICE-5G‡ ICE-5G‡ ICE-3G‡‡ ICE-5G RSES (ANU) 

hydro. 
model 

GDLAS GDLAS GDLAS + LaD† GDLAS WGHM, LaDWorld 

filtering Rl = 500 km, SW06 
destripping 

Rl = 400 km, 
SW06 
destripping 

Rl = 500 km, 
SW06 
‘optimized’ 
signal-to-noise 
destripping 

Rl = 400 km, 
wavelet smoothing 

i. Rl = 400 km (alone),  
ii. non-isotropic, Han et al. 

(2005),  
iii. identical to P2007‡‡ 

trend 
estimate 

least squares least squares PC/EOF rotated PC/EOF ellipsoidal pattern-matching algorithm 

 
 
notes 

 
 
 
 
 

•  25-45% static 
free-air gravity 
due to GIA is 
explained 

• double-dome 
ice model 
identified  

• 2.5 x 1021  LM  
 4.0 x 1021, 3.0 

x 1020  UM   
1.0 x 1021 Pa s 

• hrsl(t) near 
Hudson 
Bay 
employed 

• H2O mass 
 10% of 

GRACE 
trend 

• LM   2.3 
x 1021, UM  
 5.3 x 

1020 Pa s 

• error 
estimates in 
GIA and 
H2O 
storage 

• H2O- mass 
discrepancy 
about 10% 
of GRACE 
trend signal 

• tg, tw data 
employed  

• non-secular 
residual EOFs 
indicate 
inadequacy of 
‘best’ 
hydrology 
model 
(GDLAS) 

• ICE-5G(VM2) 
overestimates 
GRACE & 
terrestrial 
combination 
by 25 to 39% 

 

• hrsl(t) of Fennoscandia employed 
• GIA maximum magnitudes 

discrepant at 20% level due 
differences in releases 

• disparities in the hydrological 
models yield even larger solution 
differences 

• position of central rebound is 
consistent with GRACE as is 
magnitude (1.33 μGal/yr) 

 

‡Strongly preferred, ‡‡Weakly preferred, †Used for a priori error estimate. (T2007 = Tamisiea et al., 2007; P2007 = Paulson 
et al., 2007; W2008 = van der Wal et al. 2008; R2008 = Rangelova and Sideris, 2008; S2008 = Steffen et al., 2008). 
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