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The phenomenon of glacial isostatic adjustment (GIA) with its unique temporal signatures is 

one of the great opportunities in geosciences for obtaining information about Earth 

processes. GIA contains information about recent climate forcing, being dependent on the 

geologically recent on- and off-loading of ice sheets; it presents a unique opportunity to 

study the dynamics and rheology of the lithosphere and asthenosphere with increasingly 

detailed models; and it is of fundamental importance in geodesy since the global reference 

frames, Earth rotation and polar motion are influenced by it. DynaQlim (Upper Mantle 

Dynamics and Quaternary Climate in Cratonic Areas), a project of the International 

Lithosphere Program, aims to understand the relationship between upper mantle dynamics, 

mantle and lithosphere composition, and their physical properties in order study GIA, 

climate variations, and Weichselian glaciations during the Quaternary. 

 

Geodesy provides accurate measurements of contemporary deformation and gravity change. 

Space geodetic techniques, such as GPS, allow the construction of 3-D motions from 

relatively short (less than 10 years) time series. And variations in gravity can be determined 

from both ground-based and space-based instruments. These position and gravity 

measurements can be used to both constrain models of glacial isostatic adjustment and to 

verify and validate the models. The global geodetic observing system (GGOS), a component 

of the International Association of Geodesy, provides the geodetic infrastructure necessary 

for monitoring the Earth system, including the site position and gravity measurements that 

are important to determining models of glacial isostatic adjustment. 

 

The Global Geodetic Observing System (GGOS) of the International Association of 

Geodesy (IAG) and the International Lithosphere Program (ILP) Regional Co-ordination 

Committee DynaQlim organize a joint workshop "Understanding Glacial Isostatic 

Adjustment" in Espoo, Finland, June 23-26, 2009. The meeting is arranged in Geological 

Survey of Finland (GTK), Betonimiehenkuja 4, Espoo Finland. 

 

The objective of the workshop is to 

 review the current state of the science in modeling glacial isostatic adjustment,  

 review the use of geodetic measurements to both constrain and to test GIA models, 

 identify obstacles to improving GIA models, and 

 identify the improvements to the global geodetic observing system that are required 

to advance our understanding of glacial isostatic adjustment. 

The major outcome of the workshop will be a report summarizing the current state of the 

science, a description of future research directions, and a description of the future 

observations that are needed to improve our understanding of glacial isostatic adjustment. 

We plan to have a special issue on the Physics and Chemistry of the Earth. 

 

 



 

 

GGOS is the Global Geodetic Observing System of the International Association of 

Geodesy (IAG). It provides observations of the three fundamental geodetic observables 

and their variations, that is, the Earth's shape, the Earth's gravity field and the Earth's 

rotational motion.  GGOS integrates different geodetic techniques, different models, 

different approaches in order to ensure a long-term, precise monitoring of the geodetic 

observables in agreement with the Integrated Global Observing Strategy (IGOS). GGOS 

provides the observational basis to maintain a stable, accurate and global reference 

frame and in this function is crucial for all Earth observation and many practical 

applications. (http://www.ggos.org)  

 

The ILP Regional Coordination Committee DynaQlim (Upper Mantle Dynamics and 

Quaternary Climate in Cratonic Areas) was established in 2007 for studying the 

relationship between Glacial Isostatic Adjustment (GIA), upper mantle structure, 

dynamics and Quaternary climate. It integrates existing data and models from a variety 

of disciplines that consider processes over a range of spatial and temporal scales relating 

to the Quaternary evolution of cratonic regions. A key aim will be to facilitate the 

development of various models in order to generate more accurate predictions of Earth 

and ice sheet evolution during the Quaternary, and thus to understand the past and 

contemporaneous evolution of topography in previously glaciated terrains. 

(http://DynaQlim.fgi.fi) 
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Understanding Glacial Isostatic Adjustment 

A Joint DynaQlim / GGOS Workshop  
June 23-26, 2009, Espoo, Finland 

 
Programme: 
 

Tuesday, June 23  

 11:00-13:00 Registration 

 12:00-13:00 A possibility for lunch (not included in the workshop fee) 

Session 1 Introduction   Conveners: Richard Gross and Markku Poutanen 

 13:00-13:05 Opening, welcome, workshop goal 

 13:05-13:30 Richard Gross:  
IAG’s Global Geodetic Observing System 

 13:30-13:55 Markku Poutanen:  
DynaQlim – A regional coordination committee of the International 
Lithosphere Program 

 13:55-14:15 Break 

Session 2 GIA modeling and observations  Convener: W.R. Peltier 

 14:15-14:40 Volker Klemann: 
Sea-level indicators as a constraint for GIA 

 14:40-15:05 Simon E. Engelhart, Benjamin P. Horton, W. Richard Peltier: 
Spatial Variability of Late Holocene and 20th Century Sea Level Rise along 
the US Atlantic Coast 

 15:05-15:30 Richard Gyllencreutz, Lev Tarasov, Jan Mangerud, John Inge Svendsen, and 
Øystein S. Lohne: New input datasets and calibrated modelling of the Late 
Weichselian Eurasian ice sheet 

 15:30-16:00 Coffee break 

 16:00-16:25 Ilmo T. Kukkonen and Seppo Elo:  
How would Fennoscandia look like without glacial isostatic deformation? 

 16:25-16:50 Luce Fleitout: 
Post-glacial rebound, transient creep and phase changes 

 16:50-17:15 B. Vermeersen, H. Schotman, P. Stocchi, P. Wu, M. Drury, and H. de 
Bresser: Deducing Properties of Shallow Low-Viscosity Zones from Glacial 
Isostatic Adjustment Models Constrained by GOCE Gravity Observations 

 17:15-17:40 Paolo Stocchi, Andreas Groh, Reinhard Dietrich, Bert Vermeersen: 
Glacial Isostatic adjustment in Northern Europe and the Mediterranean Sea: 
the role of the mantle viscosity profile 

 17:40-18:05 W.R. Peltier: 
On the origins of earth rotation anomalies: New insights on the basis of both 
"paleogeodetic" data and GRACE data 

    18:05-20:00 Icebreaker (+ posters; GSF Lobby) 

 

Posters: 
Donald F. Argus and W. R. Peltier Constraining models of postglacial rebound using space geodesy 

(Session 6) 



 

Wednesday, June 24  

Session 3 GIA and natural hazards   Convener: Erik Ivins 

 09:00-09:25 Patrick Wu and Holger Steffen: 
Post-glacial induced earthquakes - a review 

 09:25-09:50 Erik R. Ivins, Volker Klemann, Robert E. Crippen: 
Yangtze River System Loaded by the Three Gorges River Dam Water and 
Sediment 

 09:50-10:15 M. E. Tamisiea , E. M.Hill , N. T. Vinogradova, R. M. Ponte, J. L. Davis, and I. 
Velicogna: Impacts of continental mass variations on sea level 

 10:15-10:40 Jonathan L. Bamber, Riccardo E. M. Riva, Bert L. A. Vermeersen, and Anne 
M. LeBrocq:  Reassessment of the potential sea-level rise from a collapse of 
the West Antarctic Ice Sheet 

 10:40-11:10 Coffee break 

 11:10-11:35 Riccardo E. M. Riva, Brian C. Gunter, Bert L. A. Vermeersen, Roderik C. 
Lindenbergh, Timothy J. Urban, Jonathan L. Bamber, and Michiel M. Helsen: 
Antarctic ice mass change from ICESat and GRACE data 

 11:35-12:00 Isabella Velicogna, Erik Ivins,  Eric Rignot: 
Constraints on Accumulation and Postglacial Rebound from GRACE and 
InSAR 

Session 4 Paleohydrology: Evolution from LGM transition, Holocene to present-day    
Convener: Erik Ivins 

 12:00-12:25 W.R. Peltier: 
Closure of the budget of global sea level rise in the GRACE era: The 
importance and magnitudes of the corrections required to account for ice-age 
influence  

 12:25-12:50 Erik R. Ivins, Roy K. Dokka and Ronald G. Blom: 
Time-varying Paleohydrology of the Mississippi River and Present-day 
Crustal Motion Adjacent to the Gulf of Mexico 

 12:50-13:50 Lunch break 

 13:50-14:15 J.-M. Lemieux, E.A. Sudicky, W.R. Peltier, L. Tarasov: 
Impact of the Wisconsinian Glaciation on Canadian Continental Groundwater 
Flow Dynamics 

 14:15-14:40 James A. Clark, Kevin M. Befus and Glenn Sharman: Glacial Isostatic 
Adjustment and Predictions of the PaleoHydrology of the Great Lakes Region 
of North America 

Session 5 Geodetic measurements   Conveners: Richard Gross and Matt King 

 14:40-15:05 H.-G. Scherneck, M. Lidberg, J. Johansson, P.-A. Olsson, J. Ågren: 
Glacial Isostatic Adjustment: Evidence from combination of GNSS and 
Gravimetry 

 15:05-15:30 Martin Lidberg, Jan M Johansson, Hans-Georg Scherneck: 
The search for the true crustal deformations in Fennoscandia from BIFROST 

 15:30-16:00 Coffee break 

 16:00-16:25 A. Richter, R. Dietrich, A. Groh: 
Geodetic observation of sea-level change and crustal deformation in the 
Baltic Sea region  

 16:25-16:50 H. Virtanen, M. Bilker-Koivula, J. Mäkinen, M. Nordman and J. Virtanen: 
Superconducting gravimeter and absolute gravity measurements contribute to 
GGOS at Metsähovi, Finland 

 16:50-17:15 Jaakko Mäkinen and the gravity group: 
Repeated absolute and relative gravity measurements in the Fennoscandian 
PGR area:  comparison of gravity change with observed vertical motion and 
with GIA models. 

 17:15-17:40 Jürgen Müller, Majid Naeimi, Olga Gitlein, Ludger Timmen and Heiner 
Denker: 
Present-day mass variations in Fennoscandia as determined from joint 
analysis of absolute gravity and GRACE data 



 

Thursday, June 25  

 09:00-09:25 Hannu Ruotsalainen and Maaria Nordman: 
Crustal deformations and an interferometric water level tilt meter 

 09:25-09:50 Minkang Cheng and Byron D. Tapley: 
Secular variations in the low degree gravity field from 33-year SLR data 

 09:50-10:15 Holger Steffen: 
Can we use GRACE to understand GIA? 

 10:15-10:40 Xiaoping Wu, Michael Heflin, Hugo Schotman, Bert Vermeersen, Danan 
Dong, Richard Gross, Erik Ivins, Angelyn Moore, and Susan Owen: Using 
GRACE and Surface Geodetic Data Combination to Improve GIA Knowledge 

 10:40-11:15 Coffee break 

 11:15-11:40 M. E. Tamisiea, E. M. Hill  and J. L. Davis: 
Assimilating geodetic data into model estimates of GIA 

 11:40-12:05 P. Steigenberger, M. Seitz, S. Böckmann, V. Tesmer, U. Hugentobler: 
Current Accuracy of Vertical and Horizontal Station Displacements 

 12:05-12:30 Zuheir Altamimi and Xavier Collilieux: 
The International Terrestrial Reference Frame and the Glacial Isostatic 
Adjustment 

 12:30-13:30 Lunch break 

Session 6 Geodetic tests of GIA models   Conveners: Donald Argus and Matt King 

 13:30-13:55 Richard S. Gross: 
Estimating Present-Day True Polar Wander 

 13:55-14:20 Zdenek Martinec and Jan Hagedoorn: 
Refined prediction of GIA-induced variations in the Earth's rotation 

 14:20-14:45 Wouter van der Wal, Patrick Wu, Michael G. Sideris: 
GRACE constraints on ice models in North America 

 14:45-15:15 Coffee break  

 15:15-15:40 D.N. Hansen, F.N. Teferle, R.M. Bingley, S.D.P. Williams, J. Leighton, L. 
Adamska, A. Sowter: Vertical Land Movements in the British Isles: 
Improving Constraints on Glacio-Isostatic Adjustment models 

 15:40-16:05 Patrick Wu, Hansheng Wang, Wouter van der Wal,  C.K. Shum, Hyongki 
Lee, Alexander Braun: Constraining the thermal contribution to seismic 
velocity anomalies using GIA observations 

 16:05-16:30 E. Kozlovskaya, M. Majdański, M. Świeczak: 
Mechanisms of isostatic adjustment in continental lithosphere at long 
timescales: an example of the Trans European Suture Zone in Poland 

 16:30-16:55 Discussion 

 17:05-17:30 Bus to the Market Square / harbour 

 18:00-18:20 Ship to Suomenlinna 

 18:30-21:30 Guided walking Tour at Suomenlinna and Dinner in Restaurant Brewery  

 21:40-22:00 Ship to the Market Square 

 22:00-22:30 Bus to hotels 

Friday, June 26  

 09:00-10:30 Splinter groups 

 10:30-11:00 Coffee break 

 11:00-12:30 Splinter groups 

 12:30-13:30 Lunch break 

 13:30-15:00 Recommendations and discussion 

 15:00 Adjourn 

 

http://www.suomenlinna.fi/index.php?menuid=3&lang=eng


The International Terrestrial Reference Frame and 
The Glacial Isostatic Adjustment 

 

 

Zuheir Altamimi, Xavier Collilieux 

 

Institut Géographique National, France 

 

altamimi@ensg.ign.fr 

 

 

The International Terrestrial Reference Frame (ITRF) is a multi-technique combined frame 

presented in the form of positions and secular or linear velocities of stations embedded in the 

observing networks of the four space geodetic techniques (VLBI, SLR, GPS, DORIS). The 

ITRF station velocities are estimated in three dimensions, but for the particular focus of this 

paper, the vertical velocities will be analyzed and confronted to some available global Glacial 

Isostatic Adjustment models. The different technique network shapes of the four techniques 

will be studied in order to assess the impact of the Post Glacial Rebond on the ITRF definition 

and in particular on its origin and scale. Some examples on a site-by-site basis of the ITRF 

and GIA model confrontation will be discussed, using preliminary analysis of the ITRF2008 

input data. 

mailto:altamimi@ensg.ign.fr


Constraining models of postglacial rebound using space 
geodesy 

 
 

Donald F. Argus (1) and W. Richard Peltier (2) 

 

(1) Jet Propulsion Laboratory, California Institute of Technology 

(2) University of Toronto 

 

Donald.F.Argus@jpl.nasa.gov  

 

Using GPS, VLBI, SLR, and DORIS observations, including the Canadian Base Network and 

Fennoscandian BIFROST array, we constrain, in models of postglacial rebound, the thickness 

of the ice sheets as a function of time and the viscosity of the mantle as a function of depth.  

We test model ICE5G VM2 T90 Rot [Peltier 2007], which well fits many hundred Holocene 

relative sea level histories in North America, Europe, and worldwide.  ICE5G is the 

deglaciation history having more ice in western Canada than ICE4G; VM2 is the mantle 

viscosity profile having a mean upper mantle viscosity of 0.5 X 1021 Pa s and a mean 

uppermost-lower mantle viscosity of 1.6 X 1021 Pa s; T90 is an elastic lithosphere thickness 

of 90 km, and Rot means the models include (rotational feedback) Earth‟s response to the 

wander of Earth‟s spin axis toward Canada. 

     The vertical observations in North America show that, relative to ICE5G, the Laurentide 

ice sheet was 26 ka (a) much thinner in southern Manitoba, (b) thinner near Yellowknife 

(Northwest Territories), (c) thicker in eastern and southern Quebec, and (d) thicker along the 

north British Columbia–Alberta border, or that ice was unloaded from these areas later 

(thicker) or earlier (thinner) than in ICE 5G.  The data indicate that the western Laurentide ice 

sheet was intermediate in size between ICE 5G and ICE 4G. 

    VM2 poorly fits the horizontal observations in North America, predicting places along the 

margins of the Laurentide ice sheet to be moving laterally away from the ice center at 2 mm/a 

in ICE4G and 3 mm/a in ICE5G, in disagreement with the observation that the interior of the 

North American plate is deforming slower than 1 mm/a.  Substituting VM5 T60 [Peltier and 

Drummond 2008] for VM2 T90, that is, introducing into the bottom of the lithosphere a layer 

with a high viscosity of 10 X 1021 Pa s, greatly improves the fit of the horizontal observations 

in North America.  The ice sheet component of ICE4G VM5 T60 Rot predicts the margins of 

the Laurentide ice sheet to be moving away from the ice sheet center at 1 mm/a, in agreement 

with the data. 

     ICE5G VM5 T60 Rot well fits the vertical and horizontal observations in Europe. 

mailto:Donald.F.Argus@jpl.nasa.gov


Secular variations in the low degree gravity field from  
33-year SLR data 

 
 

Minkang Cheng, Byron D. Tapley  

 

Center for Space Research, University of Texas at Austin, Austin, Texas 78759-5321, USA 

 

cheng@csr.utexas.edu  

 

 

The secular changes in the Earth‟s gravity field are one of the consequences of the long-term 

mass redistribution that occurs between the Earth system components. A significant part of 

this signal is due to the readjustment of the Solid Earth in response to the mass change 

associated with the formation and melting of the polar ice sheets. Since 1976 satellite Laser 

Ranging (SLR) data have recorded the global nature of these variations. In this presentation, 

the secular variations in the zonal harmonics up to degree 7 are presented. The results are 

determined by analyzing SLR data from 8 geodetic satellites during the 33-year period from 

January 1976 to May 2009. Analysis of the monthly solution for J2 indicate that in addition to 

the secular, 18.6-year tidal and seasonal variations, the Earth‟s dynamic oblateness (J2) has 

undergone significant interannual and decadal variations, which are climate, related. The 

results indicate that determination of the secular variation of J2 is affected by the recent large 

decadal variation. The sequence of monthly and long-arc solutions is used to obtain estimates 

of the zonal rates (up to degree 7) and the associated uncertainty.  
 

mailto:cheng@csr.utexas.edu


Glacial Isostatic Adjustment and Predictions of the 
PaleoHydrology of the Great Lakes Region of North 

America 
 

 

James A. Clark, Kevin M. Befus and Glenn Sharman 

 

Department of Geology and Environmental Science, Wheaton College, Wheaton, Illinois, 

USA 60187 

 

james.a.clark@wheaton.edu  

 

 

Over the last century geological studies of the ancestral Great Lakes have confirmed that the 

large surface load of the Laurentide Ice Sheet deformed the region causing tilting of ancient 

lake shorelines spanning the last 18,000 years. We have developed a method, utilizing a 

numerical model of glacial isostatic adjustment combined with GIS and high resolution digital 

elevation models to predict the paleo-topography at 1000-year intervals over this time period. 

GIS was then used to recreate the paleohydrology of the Great Lakes during the past 18,000 

years. Predictions include the extent of late glacial, postglacial and Holocene lakes and their 

associated outlets and bathymetries. This predicted history of the Great Lakes is similar to 

that obtained from a century of detailed field studies but our method uses only the present 

digital elevation model, a prescribed ice sheet chronology and an assumed earth viscoelastic 

rheology. Predicted shorelines are readily downloaded into a portable GPS unit and used to 

assess predicted shoreline locations in the field. Predictions of the relative elevations of 

controlling outlets indicate how the isostatic adjustment process forced the change from one 

outlet to another. Furthermore the geometry of outlet channels and the predicted water level 

and lake volumes permit an estimation of the discharge that likely occurred during outburst 

floods as the retreating ice sheet uncovered lower outlets. Predicted water velocity from the 

outburst flood of a small proglacial lake in Wisconsin west of Lake Michigan is sufficiently 

large to explain transport of the 2-meter boulders found in the outlet channel. Because the 

paleo-topography, ice sheet thickness and lake levels are known it was possible to use a finite 

difference groundwater model to estimate groundwater flow during ice sheet retreat. A 

detailed analysis of the Wisconsin region indicates the groundwater hydrology is strongly 

affected by the changing ice loads and lake water stage, while the rebounding earth surface 

contributed to a lesser extent. Groundwater flow direction there is predicted to reverse 

direction during deglaciation. Using the predicted paleo-topographic surface it was possible to 

predict where changes in river drainage were caused by the isostatic adjustment process. GIS 

hydrology modeling software was used to predict Great Lakes river drainage patterns during 

the past 10,000 years and hundreds of regions where the patterns alter through time were 

highlighted for further study in the field. 

 

mailto:james.a.clark@wheaton.edu


Spatial Variability of Late Holocene and 20th Century Sea 
Level Rise along the US Atlantic Coast 

 

 

Simon E. Engelhart (1), Benjamin P. Horton (1), W. Richard Peltier (2) 

 

(1) Sea Level Research Laboratory, Earth and Environmental Science,  

University of Pennsylvania, Philadelphia, USA 

(2) Department of Physics, University of Toronto, Toronto, Canada 

 

simoneng@sas.upenn.edu 

 

 

Accurate estimates of global sea-level rise in the pre-satellite era provide a context for 21st 

century sea-level predictions. The use of tide-gauge records is complicated by the 

contributions from changes in land level due to glacial isostatic adjustment (GIA).  We have 

constructed a rigorously quality-controlled database of late Holocene sea-level indices from 

the US Atlantic Coast, exhibiting subsidence rates of less than 0.8 mm yr
-1

 in Maine, 

increasing to rates of 1.7 mm yr
-1

 in Delaware, and a return to rates less than 0.9 mm yr
-1

 in 

the Carolinas. This pattern can be attributed to ongoing GIA due to the demise of the 

Laurentide Ice Sheet. Our data allow us to define the geometry of the associated collapsing 

proglacial forebulge with a level of resolution unmatched by any other currently available 

method. The corresponding rates of relative sea-level rise serve as “background” rates on, 

which any future eustatic rise must be superimposed. We further employ the geological data 

to decontaminate tide-gauge records to estimate a mean 20
th

 century sea-level rise rate for the 

US Atlantic Coast of 1.8 ± 0.2 mm yr
-1

, similar to the global average.  However, we find a 

distinct trend in the rate of 20
th

 century sea-level rise, increasing from Maine to South 

Carolina. This is the first evidence of this phenomenon from observational data alone.  We 

contend this may be related to either the melting of the Greenland Ice Sheet and/or ocean 

steric effects. 

 

mailto:simoneng@sas.upenn.edu


Post-glacial rebound, transient creep and phase changes 
 

 

Luce Fleitout 

 

ENS Paris, UMR 8538-CNRS, France 

 

fleitout@geologie.ens.fr 

 

 

Our inferences from past sea-level data concerning the volume of ice-sheets at the LGM, the 

mantle viscosity and the present-day gravity variations or horizontal velocities linked to PGR 

can be affected quite significantly by the type of rheology used (Burger viscoelastic vs 

Maxwell viscoelastic) or the assumptions concerning the kinetics of phase transformations. 

A best fit solution to a large dataset of past sea-levels is searched, inverting simultaneously 

for the viscosity structure and the volume of each of the major holocene ice-sheets for various 

viscoelastic rheologies. The burger rheology permits a higher viscosity in the lower mantle 

and at the base of the lithosphere and a larger volume for Canadian and Scandinavian ice-

sheets. 

The total volume of LGM ice-sheets being constrained by the far-field sea-level data, 

increasing the LGM ice volume over Canada and Fennoscandia imposes decreasing the LGM 

ice volume elsewhere, most likely over Antarctica. PGR corrections to GRACE data in order 

to retrieve the hydrologic signal are in turn significantly affected. 

Phase transformation can be the cause of a retarded compressibility, which, integrated over 

the upper mantle, is larger than the elastic compressibility. Various mechanisms affect the 

kinetics of phase transitions: the local phase transformation volume variation can only be 

accomodated if the matter in the surrounding mantle has time to deform. This may delay the 

phase transformations which occur over a short pressure range (olivine polymorphs). 

Diffusion may also retard the phase transformation, in particular in the pyroxene and its high-

pressure phases. Taking into account the volume variations linked to phase transformations 

can affect the vertical displacements and gravity over topography ratios by as much as 10%. 

The predicted tangential displacements are also strongly perturbed. 

 

mailto:fleitout@geologie.ens.fr


IAGôs Global Geodetic Observing System 
 

 

Richard S. Gross 

 

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, USA 

 

Richard.Gross@jpl.nasa.gov 
 

 

The Global Geodetic Observing System (GGOS) of the International Association of Geodesy 

(IAG) provides the basis on which future advances in geosciences can be built. By 

considering the Earth system as a whole (including the geosphere, hydrosphere, cryosphere, 

atmosphere and biosphere), monitoring Earth system components and their interactions by 

geodetic techniques and studying them from the geodetic point of view, the geodetic 

community provides the global geosciences community with a powerful tool consisting 

mainly of high-quality services, standards and references, and theoretical and observational 

innovations. The mission of GGOS is to advance geodetic observing methods for Earth and 

planetary system science and applications by: (a) defining the geodetic infrastructure needed 

by science and society; (b) advocating for the establishment and maintenance of this geodetic 

infrastructure; (c) improving the quality and accessibility of geodetic observations and 

products; (d) coordinating interaction between the IAG Services, Commissions, and 

stakeholders; and (e) educating the scientific community about the benefits of geodetic 

research and the public about the fundamental role that geodesy plays in society. The goals 

and tasks of GGOS are to: (1) provide the scientific and infrastructure basis as geodesy's 

significant contribution to Earth sciences and other scientific and application disciplines to 

assert the position of geodesy in geosciences; (2) collect and archive, through the IAG 

Services, Commissions and their participating organizations, geodetic observations, products 

and models, and ensure their reliability, consistency and availability; (3) maintain the stability 

of and provide open access to the geometric and gravimetric reference frames as well as time 

series of data and products by ensuring the generation of uninterrupted state-of-the-art global 

observations related to the three fundamental aspects of geodesy, namely, geometry and 

kinematics, Earth orientation and rotation, and the gravity field and its variability; (4) ensure 

the consistency between the different geodetic standards used in the IAG Services and the 

geosciences community in agreement with the international unions; (5) identify and promote a 

consistent set of geodetic products and establish requirements concerning the products' 

accuracy, time resolution, and consistency, targeting an overall accuracy and consistency of 

GGOS products as required for the most demanding applications; (6) identify IAG Service 

gaps and develop strategies to close them; (7) improve and integrate different techniques, 

different models, and different approaches in order to achieve a better consistency, long-term 

reliability and understanding of geodetic, geodynamic and global change processes; and (8) 

integrate the work of IAG and emphasize the complementarity of the broad spectrum of 

geodetic research and application fields. In order to accomplish its mission and goals, GGOS 

depends on the IAG Services and Commissions. The Services provide the infrastructure and 

products on which all contributions of GGOS are based. The IAG Commissions provide 

expertise and support for the scientific development within GGOS. In summary, GGOS is 

IAG's central interface to the scientific community and to society in general. 
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One of the most important mechanisms acting to cause a linear trend in the path of the pole on 

time scales of a few thousand years is glacial isostatic adjustment. The isostatic adjustment of 

the solid Earth as it responds to the decreasing load on it following the last deglaciation 

causes the figure of the Earth to change, and hence the pole to drift. Models of GIA show that 

its effect on the pole path is sensitive to the assumed value of lower mantle viscosity, to the 

assumed thickness and rheology of the lithosphere, to the treatment of the density 

discontinuity at 670 km depth, and to the assumed compressibility of the Earth model. 

Observations of the trend in the pole path can therefore be used to constrain these properties 

of the solid Earth. Here, the linear trend in the path of the pole is estimated from historical 

optical astrometric observations of the position of the pole as well as from modern space-

geodetic observations. Particular attention is paid to deriving an estimate that is unbiased by 

the presence of interannual and decadal signals in the pole position observations. Evidence for 

acceleration in the rate of the pole's drift caused by increased present-day ice melting will be 

sought. 
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The increasing resolution of ice sheet models demands more detailed data for constraining 

and for comparison of results. Important data for this include ice sheet chronology, bed 

conditions and topography. We address this by compiling published data into three new 

constraining data sets, and implementing these in a new high-resolution ice sheet model.  

 

The Eurasian ice sheet chronology is reconstructed in our database-GIS solution (called 

DATED; Gyllencreutz et al., GSF Special paper 46, 113–120, 2007). In DATED, we are 

building a database with all available dates, and a GIS with all geomorphologic features, that 

are relevant for the ice configuration through the Last Glacial Maximum and the following 

deglaciation, based on results from the literature. Reconstructions of the ice sheet 

configuration are presented as thousand-year time slices of the advance and decay of the 

Eurasian ice sheet between 25 and 10 thousand calendar years ago, based on chronologic, 

geomorphologic and stratigraphic data from the literature. To facilitate handling of error 

estimates in ice sheet modeling using our reconstructions, we made three reconstructions for 

every time slice: a maximum, a minimum and a “probable” ice sheet configuration, based on 

the limitations of the data at hand. The estimated uncertainty for the reconstructions was 

calculated in the GIS, and amounts to about 1 million km2 (about 1/5 of the maximum area) 

for most of the record before the Younger Dryas, indicating significant gaps in the knowledge 

of the Eurasian ice sheet configuration. 

 

In order to facilitate modeling of fast ice flow and ice streams, we compiled information about 

exposed bedrock from digital Quaternary maps in scale 1:1 million by the geological surveys 

in Norway, Sweden, Finland, UK and Ireland, together with published drift thickness 

estimates. The bed conditions data set was generalized to a grid resolution of 0.25 x 0.25 

degrees. 

 

The Norwegian fjords are important for topographic steering; especially for fast glacier flow 

and draw-down from more central parts of the ice sheet. However, most fjords are less than a 

few kilometers wide and therefore are not captured even by high-resolution models. 

Therefore, we assembled information about the major Norwegian fjords, to a dataset 

containing fjord width, average depth, post-glacial sediment thickness, threshold elevation 

and drainage direction, also generalized to a 0.25 x 0.25 degrees grid resolution.  
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These new datasets were implemented in an ensemble of glacial cycle simulations using a 

three-dimensional thermo-mechanically coupled ice-sheet model (the MUN/UofT Glacial 

Systems Model). The climate forcing components include results from PMIP II model runs. 

Meaningful error bars are obtained by Bayesian calibration, which provides a posterior 

distribution for model parameters and thereby modelled glacial histories given the 

observational data sets. Large differences with the current non-glaciological ICE-5G model 

highlight the important role of ice dynamics, climatological constraints, and objective model 

calibration in constraining past deglaciation. The derived chronologies will provide a starting 

point for data-model comparison within the INQUA sponsored Meltwater routing and Ocean-

Cryosphere-Atmosphere response (MOCA) project. 
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Although the Gulf of Mexico is far removed from the former ice sheet centers, the waxing 

and waning of Quaternary glaciations have affected the region through large sea level 

excursions and fundamental changes in routing of sediments into the Gulf of Mexico. The 

retreat of the Laurentide ice sheet following last glacial maximum (LGM) produced 

widespread solid Earth deformation during and after ice sheet demise associated with the 

Bölling/Allerød interstadial (14-12 ka) warming event. The direct response in the Gulf region, 

however, has long since faded away.  Recent glacial isostatic adjustment (GIA) models 

calibrated by geodetic data show that the long wavelength peripheral bulge which encircles 

crustal rebound has now migrated over 1000 km north from the Gulf of Mexico and the 

regional residual vertical motions are quite small (≤ 0.5 mm/a) at present-day [Sella et al., 

2007]. However, present-day response to the loading inundation of ~130 meters of equivalent 

(or eustatic) sea level rise (ESLR) rise at 21-5 kyr BP and Pleistocene sediment transport 

deposition and loading to the Gulf cannot be dismissed as possible causes of present-day 

vertical crustal motion. We model both the sediment and ocean load to test predictions of 

subsidence to that measured using GPS. 

Sea level rise in the Gulf of Mexico has occurred at a rate of about 1.8--2.2 mm/yr during the 

20th century, or nearly the same as observed globally due to combined steric and water mass 

changes.  Land subsidence enhances the rate of inundation of some coastal lands by many 

times the rate of global mean sea level rise. Tide gauges in coastal Louisiana, however, record 

a substantially larger rate of rise and while a number of causal mechanisms may be 

responsible, their specific contribution is poorly understood. Using a realistic viscoelastic 

Earth model, detailed geologic parameters for south Louisiana and new GPS data, we 

demonstrate that Holocene sedimentary loading in the Gulf and Mississippi River delta is 

capable of contributing to 1--8 mm/yr of subsidence that is largely decoupled from ongoing 

shallow sediment compaction and anthropogenic causes over areas of 30--0.75 x 10
3
 square 

km. 
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The sediment and water transport into the basin valley floors of the Yangtze River due to the 

construction of the Three Gorges River Dam is without precident in human history. Sediment 

catchment basins at the mouths of the world‟s largest rivers generally do not have substantial 

seismicity, as they occur at „passive‟ continental margins.  The rates of sediment transport to 

these basins can be substantial: in the near shore zone, of order 1 meter per kyr; and in deltaic 

deposition centers, of order 10-20 meters per kyr. While such systems generally have faulting 

associated with them, these are generally manifested as shallow growth faults having 

relatively low levels of seismicity. With a viscoelastic layered model that matches local GPS 

array data we determine the Coulomb stresses in the crust that are generated by the water plus 

sediment loading of the Yangtze River in China. Here the Three Gorges Dam impedes 

sediment transport to the mouth of the river, by roughly 0.5 cubic kilometers per year, the 

perturbation is about a half MPa, or the same magnitude as the stress perturbations that link 

large earthquakes in active interplate deformation regimes.  We present predictions of time-

dependent failure Coulomb stress evolution for the latitude 30 N and east west profile: 100 – 

120 E, central to coastal China. We also examine the loading Coulomb stress changes caused 

by water impounded by the Zipingpu Dam near epicenter of the 19 km depth 7.9 Mm Sichuan 

Earthquake of May 12 2008.  
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One constraint for the inference of mantle viscosity and reconstruction of the last glaciation is 

the variation of Holocene sea level. A measure of this variation is the interpretation of sea-

level indicators (SLIs). Sea-level indicators are fossil samples indicating the former sea-level 

height from their depositional conditions. Usually they are picked up and interpreted by 

geologists and, so, appear spread in literature covering several disciplines like archaeology, 

ecology, glaciology and palaeontology. For geophysical purpose, compilations exist spread in 

review articles where partial informations of the respective SLIs are listed. Due to the 

different significance of the fossil samples the interpretation in terms of sea-level height often 

depend on the individual description of the published material and demands a careful 

revisiting when using these data. Mining the available literature, we are constantly extending 

a database of SLIs. The data are stored in an SQL data-base system where not only basic 

features like location, age and height of the derived former sea level are stored but also the 

kind of material and further information provided for the individual sample. This choice of 

storage enables a more systematic interpretation and statistical analysis of the available 

information.  This is mandatory considering the total amount of at the moment more than 

10,000 SLIs.  In this talk, the different kinds of SLIs are presented and it will be discussed 

how they can be used to infer the sea-level variations during the last glacial cycle. 
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We present analysis of different mechanisms of isostatic adjustment in continental lithosphere 

at long timescales in the area of the Trans European Suture Zone (TESZ) separating the 

Precambrian East European Craton (EEC) from younger tectonic units of Palaeozoic Europe 

in Poland (PP). The major feature in the crust in our study area is the strong contrast in 

thickness of the crust and surface heat flow between the EEC and younger units to the west 

from the TESZ. In order to investigate the mechanisms of isostatic compensation, we 

compiled a detailed 3-D velocity model of the crust for the territory of Poland using high-

resolution seismic models of the crust and upper mantle from recent controlled-source 

experiments. The model was converted to a density model assuming different equations 

connecting seismic velocities to densities for crustal rocks, sediments and the uppermost 

mantle. After that we calculated synthetic geoid undulations caused by 3-D density 

distribution within the crust and compared them to an existing gravimetric quasi-geoid 

solution. The modelling showed that the difference in crustal structure between the East 

European Platform and Palaeozoic Platform explains significant part of the observed geoid 

undulations in the study area. The remained residual could be related to density 

inhomogeneities in the upper mantle. To estimate them, we performed inversion of a residual 

between the observed geoid and undulations caused by the 3-D density distribution in the 

crust. Basing on the assumption of local isostatic compensation and Pratt–Hayford isostasy 

model, the density distribution in the upper mantle was parametrized as a 40-km-thick layer 

located above the assumed maximum compensation depth of 140 km and subdivided into 

irregular blocks. The boundaries of the blocks were defined according to boundaries of major 

tectonic units in the study area and position and shape of the most pronounced anomalies in 

the residual geoid. After that we analysed at what depth different loads and mass deficiencies 

in the lithosphere are isostatically compensated.  

Our result showed that different loads and mass deficiencies are compensated at different 

levels of the lithosphere. Thus the loads due to topography in Sudetes, Bohemian Massif and 

Carpathians as well as thick sediments in the TESZ are compensated at a depth corresponding 

to the lower crust, which suggests that the lower crust is mechanically weak there. However, 

strong contrast in density and thickness of the crust between the EEC and younger units of 

Western Europe is not compensated at the Moho boundary. The total compensation of all 

loads in the lithosphere occurs in the upper mantle compensation of variations in crustal 

thickness and structure between EEC and PP requires the mechanically weak layer in the 

mantle also.  
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Glacial isostatic deformation has considerably affected the Fennoscandian geomorphology. 

Since the end of the Weichselian glaciation at about 10 ka ago the land uplift has amounted to 

several hundred meters in the area of maximum uplift. The estimates of remaining uplift are 

in the range of 100-200 m depending on applied data and methods. We have investigated how 

the Fennoscandian land surface (based on present topography and bathymetry) would look 

like if the remaining glacial isostatic uplift would be included in the present geomorphology, 

and to see whether the role of other possible processes can be recognized. 

We made a correction to the Fennoscandian topographic data assuming that the remaining 

glacial isostatic uplift follows the present uplift anomaly regionally, and that the uplift can be 

scaled according to the present rates of uplift. The resulting images calculated for two 

assumed values of remaining maximum uplift (120 and 240 m) reveal an interesting image on 

the Fennoscandian geomorphology. The Bothnian Sea and the Gulf of Bothnia are much 

smaller or completely vanished. In the present sea basins, the bathymetric data also reveals 

distinct paleo erosion channels. A meandering river system has extended from the Gulf of 

Bothnia to the Baltic Sea Proper. Correlating geological maps with topography indicates that 

in the areas of the erosion channel sedimentary rocks of Vendian, Lower Cambrian or even 

Mesoproterozoic age are known under the thin Quaternary (glacial and post-glacial) 

sediments. In the Bothnian Sea younger Middle Cambrian to Permian rocks border the 

erosion channel from the west. 

The age of the erosion channel is not accurately known, but it probably represents Plio-

Pleistocene erosion when considerable sedimentation took place in the North Sea Basin. The 

available literature suggests that the provenance of the sediments was Fennoscandia. To 

develop erosion structures the land surface must have been well above sea level, unless the 

erosion has been purely glacial. The glacial erosion is usually very small in topographically 

flat peneplane areas, and the estimates for Fennoscandia are of the order of few 

metres/glaciation cycle. The deepest parts of the paleo erosion channel are presently at depths 

of 150 – 460 m b.s.l. This would be the minimum amount of remaining uplift, and it is higher 

than the estimates based on glacial isostatic compensation models.  The result may also 

suggest that the contemporaneous Fennoscandian land uplift is not purely of glacial origin, 

but includes a tectonic component, maybe in relation to current uplift of the Norwegian 

mountains. Alternatively, the mechanisms of glacial isostatic deformation over several 

glaciation cycles may be more complicated than anticipated so far.  

 

mailto:ilmo.kukkonen@gtk.fi


The search for the true crustal deformations in 
Fennoscandia from BIFROST 

 

 

Martin Lidberg (1), Jan M Johansson (2, 3), Hans-Georg Scherneck (2) 

 

(1) Lantmäteriet, SE-801 82 Gävle, Sweden 

(2) Chalmers University of Technology, SE-412 96 Göteborg, Sweden 

(3) SP Technical research Institute of Sweden, Sweden 

 

martin.lidberg@lm.se 

 

 

We present our latest 3D velocity field of the Fennoscandian Glacial Isostatic Adjustment 

(GIA) process, and compare these with the latest model of GIA in Fennoscandia derived 

within BIFROST. We will discuss agreement and differences in results derived from the two 

software packages used for analyzing GPS-observations, GIPSY/OASIS and 

GAMIT/GLOBK. We also discuss issues regarding reference frames, which are especially 

important while searching for true vertical velocities. We have also started a re-processing of 

all our observations which started in 1993. Some first results will be presented from this. Of 

importance for the future is stability in our observation systems. The satellite segment is out 

of our control, but the “ground segment” needs consideration when our stations needs to be 

modernized in order to be able to take advantage of the modernization of existing and 

addition of new satellite systems. This is a critical issue not only for BIFROST but also for 

IGS, and we would like to share some thoughts also on this matter. 

 

mailto:martin.lidberg@lm.se


Impact of the Wisconsinian Glaciation on Canadian 
Continental Groundwater Flow Dynamics 

 

 

J.-M. Lemieux (1), E.A. Sudicky (2), W.R. Peltier (3), L. Tarasov (4) 

 

(1) Geological Institute, ETH Zurich, Switzerland 

(2) Department of Earth and Environmental Sciences, University of Waterloo, Canada 

(3) Department of Physics, University of Toronto, Canada 

(4) Department of Physics and Physical Oceanography, Memorial University, Canada 

 

jmlemieux@alumni.uwaterloo.ca 

  

 

Pleistocene glaciations and their associated climatic conditions are suspected to have had a 

large impact on groundwater flow dynamics over the entire North American continent. 

Because of the myriad of complex flow-related processes involved during a glaciation period, 

numerical models have become powerful tools for examining groundwater flow system 

evolution in this context. Here, a series of key processes pertaining to coupled groundwater 

flow and glaciation modeling, such as density dependent (i.e., brine) flow, hydromechanical 

loading, subglacial infiltration, isostasy, and permafrost development, are included in the 

numerical model HydroGeoSphere to simulate groundwater flow over the Canadian landscape 

during the Wisconsinian glaciation (-120 ka to present). The primary objective is to 

demonstrate the immense impact of glacial advances and retreats during the Wisconsinian 

glaciation on the dynamical evolution of groundwater flow systems over the Canadian 

landscape, including recharge and seepage dynamics in both the subglacial and the periglacial 

environments.  

 

It is shown that much of the infiltration of subglacial meltwater occurs during ice sheet 

progression and that during ice sheet regression, groundwater mainly exfiltrates on the 

surface, in both the subglacial and periglacial environments. The average infiltration/ 

exfiltration fluxes range between 0 and 12 mm/a and about 15–70% of the subglacial 

meltwater infiltrated into the subsurface as recharge, with an average of 43%. Considering the 

volume of meltwater that was generated subsequent to the last glacial maximum, these 

recharge rates, which are related to the bedrock type and elastic properties, are historically 

significant and therefore played an immense role in the evolution of groundwater flow system 

evolution over the Canadian landmass over the last 120 ka.  

 

The significant impact of the ice sheet on groundwater flow is also evident by increases in the 

hydraulic head values below the ice sheet by as much as 3000 m down to a depth of 1.5 km 

into the subsurface. Results also indicate that the groundwater flow system after glaciation did 

not fully revert to its initial condition and that it is still recovering from the glaciation 

perturbation. This suggests that the current groundwater flow system cannot be interpreted 

solely on the basis of present-day boundary conditions and it is likely that several thousands 

of years of additional equilibration time will be necessary for the system to reach a new quasi-

steady state. Finally, we find permafrost to have a large impact on the rate of dissipation of 

high hydraulic heads that build at depth and capturing its accurate distribution is important to 

explain the current hydraulic head distribution across the Canadian landscape.  
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Relative high-precision measurements to detect the change in gravity differences due to the 

Fennoscandian Postglacial Rebound (PGR) were started in 1966 on an east-west line at the 

latitude 63ºN in Finland (Kiviniemi, 1974). Now the Fennoscandian Land Uplift Gravity 

Lines consist of four east-west profiles across the PGR area, along the approximate latitudes 

65º, 63º, 61º, and 56ºN. Repeated relative gravity measurements were been performed on 

them 1975–2000 (65ºN), 1966–2003 (63ºN), 1976–1983 (61ºN), and 1977–2003 (56ºN). The 

work has been coordinated by the Working Group for Geodynamics (WGG) of the Nordic 

Geodetic Commission (NKG). The line 63ºN has most observations. From the measurements 

along it up to 1993, Ekman and Mäkinen (1996) deduced the ratio –0.20 µgal/mm between 

surface gravity change and uplift relative to the Earth‟s center of mass. From 2003 on, the 

measurements on the line 63ºN are continued using absolute gravity techniques. 

 

Absolute gravity measurements in the Fennoscandian postglacial rebound area started in 1976 

when a team from Istituto di Metrología "G. Colonnetti" (Torino) measured six stations with 

the rise-and-fall gravimeter IMGC (Cannizzo et al., 1978). In 1980 two stations were 

measured by the team of the AN SSSR from Novosibirsk, using the gravimeter GABL 

(Arnautov et al., 1982). From the beginning the goal was to establish reference values for 

future remeasurement in order to detect gravity change due to the postglacial rebound. In 

1988, regular repeat measurements were began by the Finnish Geodetic Institute (FGI) with 
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the JILAg-5. An important advance was the introduction of FG5 gravimeters into the work by 

BKG (Frankfurt a/M) and NOAA (Boulder, CO) in 1993. 

 

In 2003 annual large-scale campaigns with FG5 gravimeters started, coordinated by the NKG-

WGG. This was prompted by the launch of the GRACE gravity satellite, which made it 

important to collect a comprehensive set of ground-truth values of gravity change during the 

lifetime of the satellite pair. The initial participation by the gravimeter teams of Leibniz 

Universität Hannover, FGI and BKG has since expanded to include the University of Life 

Sciences (Ås, Norway) and Lantmäteriet (Gävle, Sweden). At present some 50 sites have 

repeated absolute measurements and most of them are co-located with continuous GPS. 

 

We give an overview of the sites, instrumentation, and campaigns of both relative and 

absolute gravity work. We then compare the observed gravity change with observed vertical 

motion and with gravity change predicted from geophysical models of the PGR. 

 

Relative Gravity Team: 

L. Engman
, 
S. Rekkedal, K. Røthing, P.Rouhiainen, H. Skatt, H. Virtanen, K. Wieczerkowski 

 

Absolute Gravity Team: 

R. Forsberg, M. Bilker-Koivula, J. Jokela, R. Falk, W. Hoppe, A. Lothhammer, A. Reinhold, 

L. Timmen, K. Lapushka, P. Petroškevičius, K. Breili, B. Engen, C. Gerlach, J.G.O. 

Gjevestad, D. Lysaker, O.C.D. Omang, O. Øvstedal, E. Roland, J. Ågren, M. Lidberg, M. 

Lilje, G. Lohas, P.-A. Olsson, H.-G. Scherneck, R. Svensson 
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Continental ice accumulation and ablation and the accompanying changes in sea level result 

in the deformation of the solid Earth, a process termed glacial-isostatic adjustment (GIA). 

This process additionally induces perturbations in the Earth's gravitational field and rotational 

characteristics. The wander of the rotation axis in turn induces variations in the centrifugal 

force and thus additional variations in sea level and surface deformations. Taken together, this 

means that the determination of sea-level change coupled with polar wander due to changes in 

ice-water mass is a complex geophysical and mathematical problem. Assuming that the 

deformation in the Earth is small, the movement of the rotation vector can be described by the 

linearized Liouville equation. The numerical integration of it requires us to specify the 

temporal perturbation of the inertia tensor. The approach presented here is based on the 

MacCullagh formulae and derives this perturbation from the time-dependent variation of the 

second-degree spherical harmonics of the induced changes in the gravitational potential. Once 

the Liouville equation is solved, the temporal variability in the centrifugal force is established. 

This driving force is then considered in the linear-momentum and Poisson equations 

governing GIA to compute the surface-deformation and gravitational-potential changes. This 

rotational feedback, called the rotational deformation, is mathematically described by 

particular terms in the field equations for GIA. We will present the effects of individual terms 

on surface deformation and sea-level variation. The rotational deformations are treated in the 

time domain, which eliminates the need to apply the traditional Laplace-transform method 

and allows the conventional approach based on load Love numbers to be extended to the case 

of a 3-D viscoelastic earth model. 
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Since 2002 the GRACE satellite mission provides monthly solutions of the Earth's gravity 

field reflecting mass variations on various spatial and temporal scales.  The GIA-induced 

trend signal in Fennoscandia can be obtained with a spatial resolution of about 300 km. 

 

Moreover, since 2003 our institute has carried out absolute gravity (AG) measurements in 

Fennoscandia in close cooperation with the Scandinavian partners. From the AG data, point-

wise mass variations at the AG sites have been determined which also contain possible local 

mass signals, in addition to the GIA-induced trend. For direct comparison of those point 

values with surface results from GRACE, vertical movements of the sites have to be 

considered using rates determined from permanent GPS measurements. The various results 

for GIA-related effects agree very well, although the different data contain different signal 

contributions. 

 

In a final step, we combine the AG trend values (includig GPS rates) and the GRACE results 

to end up with a purely data based solution of the present-day secular mass variation in 

Fennoscandia. Here, we present results of the single techniques also well as the combined 

solution, where we also discuss possible errors sources. 

mailto:mueller@ife.uni-hannover.de


On the origins of earth rotation anomalies: New insights on 
the basis of both "paleogeodetic" data  

and GRACE data 
 

 

W.R. Peltier 

 

Department of Physics, University of Toronto, Canada 

 

peltier@atmosp.physics.utoronto.ca 

 

 

The theory previously developed to predict the impact upon Earth‟s rotational state of the 

Late Pleistocene glaciation cycle is extended.  In particular we examine the extent to which a 

departure of the infinite time asymptote of the visco-elastic tidal Love number of degree two, 

“ ”, from the observed “fluid” Love number, “ kf “, impacts the theory. A number of tests of 

the influence of the difference in these Love numbers on theoretical predictions of the model 

of the glacial isostatic adjustment (GIA) process are explored. RSL history predictions are 

shown not to be sensitive to the difference even though they are highly sensitive to the 

influence of the changing rotational state itself. We also explore in detail the accuracy with 

which the GRACE satellite system is able to observe the global GIA process including the 

time dependent amplitude of the degree two and order one spherical harmonic components of 

the gravitational field, the only components that are significantly influenced by rotational 

effects. It is explicitly shown that the GRACE observation of these properties of the time 

varying gravitational field is sufficiently accurate to rule out the values predicted by the ICE-

5G (VM2) model of Peltier (2004). However, we also note that this model is constrained by 

data from an epoch during which no significant melting of the great polar ice-sheets was 

occurring and that such loss of grounded continental ice from the polar regions, as well as 

from small ice sheets and glaciers globally, is expected to strongly influence the evolving 

rotational state of the planet and thus the values of these time-dependent Stokes coefficients 

as they are currently being measured by the GRACE satellite system. A series of sensitivity 

tests are employed to demonstrate this fact. We suggest that the accuracy of scenarios for 

modern land ice melting may be tested by ensuring that such scenarios conform to the 

GRACE observations of these crucial time dependent Stokes coefficients.  
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The budget of global sea level rise includes contributions from several distinct factors, 

including thermosteric effects, the wasting of small ice-sheets and glaciers, and the loss of 

mass by the great polar ice-sheets and by the continents due to desiccation. Since the former 

contribution may be estimated on the basis of both hydrographic survey data and more 

recently using Argus float data, the second may be estimated on the basis of mass balance 

measurements on existing ice-fields, and the latter on the basis of modern GRACE-based time 

dependent gravity field measurements, the inputs to the globally averaged rate of sea level 

rise are well constrained. The net rate of global sea-level rise is also measured directly by the 

TOPEX/POSEIDON and Jason-1 altimetric satellites. Since GRACE also provides a 

measurement of the rate at which mass is being added to the oceans, we are now in a position 

to ask whether this rate of mass addition to the oceans matches the rate at which mass is being 

removed from the continents. He answer to this question depends critically upon the accuracy 

with which we are able to eliminate the contamination of both the measured rates of mass loss 

from the land and mass gain by the oceans due to the influence of the ongoing process of 

glacial isostatic adjustment. This issue is addressed in detail.  
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DynaQlim (Upper Mantle Dynamics and Quaternary Climate in Cratonic Areas) is a Regional 

Co-ordination committee of the International Lithosphere Program (ILP), scheduled from late 

2007 to 2012 (http://dynaqlim.fgi.fi). It integrates existing data and models from a variety of 

disciplines that consider processes over a range of spatial and temporal scales relating to the 

Quaternary evolution of cratonic regions, such as Fennoscandia.  

 

A key aim will be to facilitate the development of various models in order to generate more 

accurate predictions of Earth and ice sheet evolution during the Quaternary, and thus to 

understand the past and contemporaneous evolution of topography in previously glaciated 

terrains. DynaQlim gives a unique chance to study the dynamics and rheology of the 

lithosphere and asthenosphere with increasingly detailed modelling, and it is of fundamental 

importance in geodesy, geodynamics and palaeoclimate. Models and information gained in 

the project will have a number of applications, including present-day global change as well as 

future changes in response to a warming climate. 

mailto:Markku.Poutanen@fgi.fi


Geodetic observation of sea-level change and crustal 
deformation in the Baltic Sea region 

 

 

A. Richter, R. Dietrich, A. Groh 

 

TU Dresden, Institut f. Planetare Geodäsie, 01062 Dresden, Germany 

 

richter_a@ymail.com 

 

 

Fennoscandia and the Baltic Sea represent one of the key regions for glacial isostatic 

adjustment (GIA) investigations. An exceptional density of long tide gauge records and 

permanent GPS stations provides a unique observational basis for the determination of recent 

rates of relative sea-level change and vertical crustal deformation. 

Relative sea-level changes reflect both GIA and eustatic sea-level changes. Based on original 

historic documents we compiled tide gauge records for eight stations at the southern Baltic 

coast of 126 up to 197 years of length. Homogeneous time series of the relative sea level were 

derived from these data. Our regionally concentrated data was complemented by long-term 

sea-level records retrieved from the PSMSL data base thus covering the entire Baltic Sea and 

adjacent coasts of the North Sea. From these records relative sea-level change rates were 

derived for approximately 60 tide-gauge stations. 

Recent deformations of the earth surface, which are dominated by GIA in the region under 

investigation, can be determined from GPS observations. The extraction of geophysical 

signals from GPS-derived time series requires a stable realisation of the terrestrial reference 

system and a homogeneous observation data processing. In this context we benefit from the 

results of a reprocessed global GPS network. A regional densification of this global network 

allowed to infer consistent crustal deformation rates for 44 stations. 

The GPS derived height change rates can be applied to reduce the relative sea-level changes 

observed by tide gauges yielding an estimate for the eustatic sea-level change. For sites where 

both observation techniques are collocated the eustatic sea-level trend over the last 100 years 

was derived. Its comparison with global eustatic rates provides a rigorous consistency check. 

Our tide gauge records from the southern Baltic coast allow to infer not only changes in the 

mean sea level but also extreme sea-level events. The tide gauge readings of maximum sea 

levels were complemented by water level information from historic storm surge marks 

preserved along the German Baltic coast. Based on these data extreme high-water levels, their 

incidence and spatial variation were investigated. In the tideless Baltic Sea extreme sea levels 

are triggered essentially by atmospheric forcing in conjunction with resonant basin 

oscillations. Due to its peripheral location the southern Baltic coast is especially affected by 

such short-term events. Their contribution has to be taken into account in addition to eustatic 

sea-level rise and GIA related crustal deformation when assessing future hazard risks. 
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Theory has suggested that the West Antarctic Ice Sheet may be inherently unstable. Recent 

observations lend weight to this hypothesis. We reassess the potential contribution to eustatic 

and regional sea level from a rapid collapse of the ice sheet and find that previous assessments 

have substantially overestimated its likely primary contribution. We obtain a value for the 

global, eustatic sea-level rise contribution of about 3.3 meters, with important regional 

variations. The maximum increase is concentrated along the Pacific and Atlantic seaboard of 

the United States, where the value is about 25% greater than the global mean, even for the 

case of a partial collapse. 
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Increasing evidence from satellite missions shows that Antarctica is losing enough ice to 

contribute to about 10-20% of the observed global sea-level rise. In particular, the recent 

disintegration of large ice shelves around the Antarctic Peninsula (AP) and the observed 

acceleration of the rate of mass loss from the Amundsen Sea Embayment (ASE) are of major 

concern, considering the potential instability of the West Antarctic Ice Sheet. However, 

measurements obtained with different techniques are still providing a wide range of estimates, 

with uncertainties that are often as large as 50% of the total signal. Here we discuss surface 

mass change estimates based on five years of ICESat and GRACE satellite data, from 2003 to 

2008. Both missions are particularly suited for the observation of Polar Regions, due to their 

orbital configuration, and provide mutually independent measurements that allow to assess 

surface mass change. The two datasets have also different characteristics: ICESat provides a 

high spatial resolution (a few tens of kilometers), but with discontinuous temporal coverage 

(2-3 campaigns per year), while GRACE provides a continuous temporal coverage (generally 

represented by monthly solutions), but characterized by a lower spatial resolution (about 300 

km). In addition, surface mass balance estimates from ICESat are dependent on the assumed 

firn density profile, while for GRACE they are dependent on the applied correction for 

Glacial Isostatic Adjustment (GIA). The different properties of those two satellite missions 

can be exploited through a combination strategy that allows to simultaneously constrain both 

surface mass balance and GIA. This approach has the advantage of being independent from 

GIA modeling results, which especially for Antarctica carry large uncertainties. Our results 

show how most of the ongoing mass loss is originating from the AP and the ASE, while the 

East Antarctic Ice Sheet appears to be close to equilibrium, though with significant regional 

variations. 
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Research for the development of water level tilt meter started in 1965 at the FGI. By the 

initiative of Kukkamäki a 1 km long instrument was proposed for the Fennoscandian land 

uplift research. It was never built, but several shorter versions have been built since 

(Kääriäinen 1979, Kääriäinen & Ruotsalainen 1989). Recently a third generation water-level 

tilt meter has been designed and built at the Finnish Geodetic Institute (FGI). Global and local 

tilt deformations of the Earth can be recorded more precisely with the new instrumentation. 

Earth tides, earthquakes, free oscillation events, ocean and other loadings effects are 

observed. 

 

Of special interest here in the Fennoscandian post-glacial rebound (PGR) area is the crustal 

dynamic response under the surface loads of the Baltic Sea. Loading modelling is 

straightforward and loading signal can be accurately recorded for comparison. Using a 

modular tilt meter instrument in different locations, which has different crustal thicknesses, it 

will be possible to find out deviations on crustal dynamics, if and when there exist ones. Tilt 

meter details as well as tidal and non-tidal loading tilt signals are presented and compared 

with modelling. 
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Sixteen years of BIFROST have provided access to reliable measurements of deformation. 

Remaining weaknesses are rather to be found in terms relating to reference frame issues, these 

terms cause side effects on deformation if unadjusted, but adjusting frame translations and 

rigid rotations, they are completely separable from deformation. Unfortunately, the weakness 

of the frame parameters implies that estimates of sea-level change are biased, but on the other 

hand, this bias pertains to spherical harmonic degree 1; it needs to and can be addressed in a 

global approach.  

Far longer has the project been conducted which, with coordination from the Nordic Geodetic 

Commission, is to determine the gravity change in the rebound area. Apart from aiming at a 

precise determination of geoid change, an expected outcome are constraints for the inference 

of mantle structure and rheology. The ratio of gravity change to uplift rate has for long been 

pointed out as an indicator for the mantle density of the competent layers in the uplift. We 

will show, however, that the g/u-ratio despite of its observational accessibility, represents an 

ill-posed problem. The ratio is wavelength dependent. Therefore it its spatially variable, and 

not only depends on density but also on the depth of the competent layer and on the dominant 

wavelength of the load. 

Generally, the g/u ratio decreases when the dominant wavelength of the load increases. The 

dispersion curve of relaxation times shows that long wavelenths in the rebound adjust more 

slowly, so that the g/u-ratio decreases with decreasing upper-mantle viscosity, despite the 

competent layer having a lower density than e.g. an isoviscous mantle. These findings cannot 

be reconciled with simple Bouguer concepts. However, some of the wavelength-dependent 

features can be demonstrated already in a plane model with an elastic lithosphere atop a fluid 

half-space under a finite (e.g. bell-shaped) load. 
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The times series of GRACE monthly solutions of now about 7 years allows to determine the 

long-term component of mass variations quite well. These observed mass variations are an 

integral effect of processes in the atmosphere, hydrosphere and geosphere. Depending on the 

signal of interest the other signals must therefore be subtracted from the observed gravity 

trend in order to isolate the selected one. Regarding e.g. glacial isostatic adjustment (GIA), 

hydrological contributions in North America and Fennoscandia and ice mass changes in 

Greenland and Antarctica have to be removed when focusing on one of the regions. This 

makes high demands on the analysis method, the filtering technique and the reduction models, 

and there is much debate which approach is the best. 

 

In the last years, a number of works have been dedicated to GIA investigation with GRACE 

data in the regions mentioned above, and their number will definitely increase within the next. 

The talk will give an overview of several works, and will address topics such as the 

knowledge so far, (problems with) the separation of the GIA signal from GRACE data, the 

contribution of hydrology in North America and Fennoscandia, the comparison to model 

results, and other interesting problems that should be solved. 

 

mailto:sholger@ucalgary.ca


Current Accuracy of Vertical and Horizontal Station 
Displacements 

 

 

P. Steigenberger (1), M. Seitz (2), S. Böckmann (3), V. Tesmer (4), U. Hugentobler (1) 

 

(1) Institut für Astronomische und Physikalische Geodäsie,  

Technische Universität München, Germany 

(2) Deutsches Geodätisches Forschungsinstitut, München, Germany 

(3) Institut für Geodäsie und Geoinformation, Universität Bonn, Germany 

(4) OHB-System AG, Bremen, Germany 

 

steigenberger@bv.tum.de 

 

 

Space geodetic techniques like Global Navigation Satellite Systems (GNSS), Satellite Laser 

Ranging (SLR) and Very Long Baseline Interferometry (VLBI) provide valuable input for 

studies of Global Isostatic Adjustement (GIA). This contribution discusses the current 

precision and accuracy of vertical and horizontal station displacements. The precision of the 

space geodetic techniques will be evaluated by repeatabilites and solutions computed from 

different sub-intervals of the data available. However, due to systematic effects, the precision 

is often much better than the accuracy. The accuracy will be evaluated by comparisons of the 

space geodetic techniques amongst each other and comparisons with geophysical models, 

e.g., for atmospheric and hydrologic loading. Besides the analysis of time series, co-located 

GNSS, SLR, and VLBI sites allow for a comparison of velocities estimated in Terrestrial 

Reference Frame (TRF) solutions of the different techniques. 

 

Inadequate modeling of technique-specific effects or systematic errors degrades the accuracy 

of the indiviudal techniques. E.g., the height component of the radio-techniques GNSS and 

VLBI suffers from a mismodeling of the tropospheric refraction. The impact of different 

troposphere modeling on the estimated station heights and velocities will be shown. 

Technique-specific models like the antenna phase center model for GNSS or the modeling of 

thermal expansion for VLBI are studied by comparing solutions applying different models.  
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Relative sea level indicators witness the response of the Earth to the great ice and water mass 

redistribution which occurred since the time of the Last Glacial Maximum. While the GIA 

signal dominates the modern instrumental observations in the formerly glaciated 

Fennoscandia, it represents a second order term in the central Mediterranean Sea, where 

horizontal and vertical velocities testify the effects of the collision between the African and 

Eurasian plates. To investigate the role of the mantle viscosity profile on the GIA in Northern 

Europe and the central Mediterranean basin we consider relative sea level data representative 

of the last 14 ka from Fennoscandia and the coasts of Italy. The Italian Palaeo sea level 

indicators come from areas that are considered tectonically stable on the basis of the local 

elevation of the MIS 5.5 shorelines (Last Interglacial, 125 ka BP) with respect to the present-

day mean sea level. By employing a 1D spherical Earth model we perform an exploration of 

the parameters space of mantle rheology and determine the viscosity profiles which best fit 

both the whole dataset and the two regional sub-sets. To test the difference in the sensitivity 

to the mantle viscosity profile between the relative sea level data and the GPS measurements 

we perform the same analysis by using the vertical velocities from a densified regional GPS 

network in Northern Europe. Finally, by means of a flat 3D FEM Earth model for the 

Northern Europe we test the sensitivity of the relative sea level data and the vertical GPS 

velocities to lateral variations in mantle viscosity and lithospheric thickness.  
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Along with the continuing effect of glacial isostatic adjustment (GIA) on sea level, the current 

exchange of water between the continents and oceans also causes geographic variations in sea 

level change. The same techniques developed in GIA studies are applicable to a range of 

problems modelling the impact of solid-earth deformation and gravity variations on sea level. 

Thus, we can begin to model the annual and interannual variability caused by observed 

changes in hydrology and ice volume. In this talk, we focus on the annual sea level cycle from 

these effects, which has a globally-averaged amplitude of approximately 1 cm. However, the 

static response of the oceans to this cycle at any given location can have an amplitude of less 

than 2 mm to greater than 18 mm. We compare this modelled response along with models of 

the dynamic ocean signals to data from tide gauge and bottom pressure recorders globally. In 

particular, we find that the the signal is large enough in certain locations that it must be 

considered as a separate effect prior to data assimilation into ocean models. 
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With the increasing number and spatial distribution of geodetic measurements in formerly 

glaciated regions, there is the possibility of improved regional models of GIA. However, even 

with this increase of data, there is not enough to fully constrain the spatial and temporal 

history of the ice sheet along with the three dimensional (3-D) variations in mantle viscosity 

and lithospheric thickness. In addition, many forward GIA model predictions are based on 

spherically-symmetric earth models, which may not fully capture the behaviour of the earth. 

In this presentation, we explore the possibility of assimilating geodetic data into a forward 

model of GIA without relating these changes back to specific ice-sheet or earth-model 

parameterizations. This technique utilizes the covariance of the crustal motion, gravity and 

sea level changes derived from a series of forward model predictions. Thus, we are able to 

self-consistently compare the different types of data, such as GRACE-derived gravity changes 

and GPS-derived crustal motion, while taking into account inherent uncertainties in each data 

type such as reference frame parameters and GRACE processing procedures.  We first 

demonstrate the ability of the method to recover various GIA forward models. We then show 

results of the assimilation of the GRACE, GPS, and tide-gauge data into GIA models for 

Laurentia and Fennoscandia. 
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In this study we investigate vertical land movement estimates from a recent processing that 

included data for the period from 1997 to 2008 from more than 100 continuous Global 

Positioning System (CGPS) stations in the British Isles. Not only was the CGPS network 

dramatically expanded from previous investigations by the authors, it now also includes, for 

the first time, stations in Northern Ireland, which will be interesting for defining the westerly 

extent of uplift associated with the glacio-isostatic adjustment (GIA) processes active in the 

region. In our processing strategy we apply a combination of re-analysed satellite orbit and 

Earth rotation products together with updated models for absolute satellite and receiver 

antenna phase centres and for the computation of atmospheric delays. Using a no-net rotation 

and no-scale minimal constraints approach we align our daily position estimates by use of a 

(at this stage) semi-global CGPS network (>50 stations) to ITRF2005. We assess the accuracy 

of our vertical rates along with their associated uncertainties, which were computed from a 

detailed stochastic model of the position time series, using independent estimates of vertical 

land movements from two absolute gravity stations and over fifty geological sites. Using the 

geodetic rates we produce a series of maps of vertical land movements over the last decade 

and compare these to our reference map based on Holocene sea level data. Detailed 

investigations of station-specific monumentation and underlying geology, and of results from 

a recent persistent scatterer interferometry (PSI) analysis, are used in support of separating 

crustal from other vertical movements at CGPS stations in order to improve the constraints on 

GIA models for the British Isles. 
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The GRACE satellites provide spatially homogeneous monthly global gravity fields. 

Therefore, the secular gravity rate derived from the GRACE data can contribute to GIA 

studies in areas that are not well covered with terrestrial measurements, such as Northern 

Canada. Previous studies did not focus specifically on the comparison of GRACE with ice 

models. This presentation will focus on the uncertainty in GRACE data when it is used in 

GIA studies, and the comparison of GRACE data with GIA models with existing ice models 

ICE-3G, ICE-4G and ICE-5Gv1.2. 

It is found that measurement errors as well as filtering have small effects on the secular 

gravity rate. Continental water storage effects as represented by models are large (~ 0.5 

microGal/year. The GLDAS model is found to agree best with GRACE data over the Nelson 

River basin, but the difference with other available hydrology models is large. Estimation of a 

trend over varying GRACE time periods shows evidence of inter-annual signal in GRACE 

which is as of yet unexplained. 

Misfit comparisons are performed with GIA models in which upper and lower mantle 

viscosities are varied from 1 x 10
20

 Pa-s to 256 x 10
20

 Pa-s and Gaussian filter half width is 

varied from 200 to 1000 km. The smallest misfit is obtained for the ICE-3G and ICE-4G 

models, even though these models do not have two domes as is observed in the GRACE data. 

The worse misfit of ICE_5Gv1.2, which does contain two domes, is likely due to too large ice 

heights west and south-west of Hudson Bay in this model. Finally, it is shown how GRACE 

can be used to modify ice heights in an existing model such that a better fit with terrestrial 

data is obtained.  
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Lateral variations in seismic velocity can have a thermal or chemical origin, or can be caused 

by non-isotopic pre-stress. It is important to quantify each of these causes because of the 

consequences they have for mantle dynamics. This presentation constrains the contribution of 

thermal changes to seismic velocity anomalies using GIA observations.  

GIA modeling is done with a Finite Element model coupled with the Laplace equation on a 

spherical visco-elastic compressible earth with self-gravitating oceans. The ice loading 

histories used are ICE-4G and ICE-5Gv1.2. Lateral viscosity perturbations are derived from 

the high resolution seismic tomography model of Grand (2002) using a conversion relation 

that takes into account both anelastic and anharmonic effects (Karato 2008). To perform a 

trade-off between chemical and thermal contribution to the seismic velocity anomalies, a 

scaling factor b is introduced in the conversion. b = 0 means that all observed velocity 

anomalies are caused by chemical changes and there are no lateral variations in viscosity. b = 

1 is the other extreme, where all seismic velocity anomalies are caused by thermal variations 

and there is maximum lateral variation in viscosity. b is varied systematically between 0 and 1 

in both the upper and lower mantle. The combination of upper and lower mantle values of b is 

searched that best fits the GIA data in North America, in Fennoscandia or globally. The GIA 

data that is used consists of 30 RSL sites, uplift rates derived from GPS, uplift rates derived 

from altimetry and tide gauges, and gravity rates derived from GRACE. For b uniform in the 

mantle, a value of b = 0.2 best explains all the data. 
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We use monthly measurements of time variable gravity from the GRACE satellite gravity 

mission to determine spatial variation in ice mass (IM) trend and seasonality for over a six 

year period starting in Apr 2002. We compare spatial pattern and amplitude of the IM changes 

from GRACE with the one from the mass budget methods combining InSAR and regional 

climate modeling output. The two estimates are completely independent and characterized by 

different error sources. While largest source of error for the GRACE IM estimates is the 

uncertainties in the glacial isostatic adjustment (GIA) signal. For the mass budget method a 

large source of uncertainty can be traced to the surface mass balance components from 

regional climate modeling output. The comparison allows improved constrains on GIA and 

surface mass balance model output.  We find that a thinner ice sheet at the Last Glacial 

Maximum may be required in the East Antarctic Ice sheet as well as in the Ross Sea region. 

In the Bellingshausen Sea area comparisons indicate that both a larger signal from the long-

term accumulation and a larger GIA signal are likely. The adjusted forward model 

explanation for the Bellinghausen Sea time-dependent gravity is attributed to a combination 

of lower viscosity structure and geologically more recent ice mass loss. 
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Future high-resolution gravity data, as expected from the ESA Gravity field and steady-state 

Ocean Circulation Explorer (GOCE) that was launched on March 17 2009, are predicted to 

provide additional data on the shallow earth, especially for the viscosity structure derived 

from Glacial Isostatic Adjustment (GIA) models. However, mass inhomogeneities due to 

chemical and thermal anomalies are expected to interfere with the gravity signals induced by 

shallow low-viscosity structures. We test if heat flow data and laboratory-derived creep laws 

for the crust (plagioclase feldspars) and shallow upper mantle (olivine) can be used to further 

constrain uncertainties. 

 

We derive estimates of lithospheric thickness and viscosity that can be expected in the 

shallow earth. Using a mechanical model based on the commercially available finite-element 

package Abaqus and representative creep laws, we generate predictions of deformation-

induced geoid height variations for Northern Europe. We infer lateral heterogeneities in the 

shallow earth from heat flow data. We use the RSES ice-load history of Lambeck et al. (1998) 

to load our GIA model and we test the sensitivity of our predictions using the ICE-5G ice-

load history of Peltier (2004). 

 

We show that perturbations, i.e. differences with respect to a background model, due to 

shallow low-viscosity structures are one to two orders of magnitude larger than the predicted 

accuracy of GOCE, which is at the cm-level for a resolution of about 100 km. Moreover, 

some features in geoid height perturbations seem to be robust to changes in composition and 

creep regime, and therefore have a spatial signature that is representative for low-viscosity 

structures, even without availability of detailed a-priori knowledge on these structures. We 

argue that these signatures are therefore more likely to be detectable by GOCE. 

 

Finally, we show, using normalized prediction errors that GOCE is sensitive to the creep 

regime in the lower crust, but not to the composition, at least not for the plagioclase feldspars 

used here. These conclusions are in general independent of assumptions (creep regime in the 

shallow upper mantle, ice-load history) on the background model. However, if the wrong 

background model is assumed, we can no longer predict the correct properties of the lower 

crust, because prediction errors turn out to be larger than 60 percent then. 
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The superconducting gravimeter (SG) of the Finnish Geodetic Institute, GWR T020 has 

operated continuously at Metsähovi Fundamental station, Finland since August 1994. 

Depending on frequency, it is capable of detecting gravity variations as small as 10
-11

 ms
-2

. 

For a single event, the detection threshold is higher, typically about 10
-9

 ms
-2

. Due to its high 

sensitivity and low drift rate, the SG is eminently suitable for the study of geodynamical 

phenomena through their gravity signatures. The SG at Metsähovi is a part of the GGP 

worldwide network, which consists of 24 working stations (status 2009). The instrument has 

been exploited extensively in the studies of Earth Dynamics, such as long-periodic 

seismology, Earth tides, and loading effects due to the atmosphere, the Baltic Sea and 

hydrology. The data processed at FGI has been presented in several papers that concern 

satellite gravity with CHAMP and GRACE. 

Metsähovi is a multi-technique geodetic laboratory including absolute gravity (AG), 

permanent GPS, GLONASS, Satellite Laser Ranging (SLR), DORIS beacon and geodetic 

VLBI. All these techniques are influenced by the same environmental effects as sensed by the 

SG. With its high sensitivity, the SG is therefore an excellent tool for testing and validating 

the pertinent correction models used by the other techniques. 

The SG is a relative instrument, which should regularly be compared or calibrated with an 

absolute gravimeter for determinations of drift and to remove big offsets. Regular AG 

measurements have taken place at Metsähovi between 1988 and 2002 with the JILAg-5 

instrument and from 2003 onwards with the FG5-221. The AG data is used to connect SG 

data after long data gaps. Additionally, the scale factor of the SG has been checked regularly 

using simultaneous observations with the absolute gravimeters. 

Conversely, the SG can be used to support AG observations. For this purpose, we have 

compared gravity data of SG and AG between 2004 and 2008. Yearly gravity variations due 

to hydrological effects (mainly groundwater) at Metsähovi can be up to 8x10
-8

 ms
-2

. The 

hydrological signal is seen in both the SG and AG data. Most of the variations in the AG data 

are also seen in the SG data and can therefore be attributed to the same environmental effects 

that have proven to explain the SG variations. Discrepancies between SG and AG data may 

indicate problems with one of the instruments.  
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Large (>M5) intraplate earthquakes are found in the once glaciated areas in Eastern Canada 

(Laurentia/ Laurentide), Northern Europe (Fennoscandia) and around the current ice margins 

of the Greenland and Antarctica ice sheets. A number of publications have been dedicated to 

investigate the sources and mechanism of these earthquakes in order to mitigate more 

effectively the hazards associated with them. In addition, focus is set planning for safe storage 

of nuclear toxic-waste in underground repositories in Canada and Sweden. Thus, it is vital to 

understand the spatio-temporal variation of the state of stress, the potential for fault motion 

and the cause of such earthquakes – in particular the role of glacial loading and unloading in 

the triggering of earthquakes. 

 

The talk will review the scientific background, the model and computational results and their 

comparison to selected field observations related to the spatio-temporal evolution of stress 

and fault stability in glaciated areas. We present a general overview of such related 

earthquakes in time and space, the failure of rocks, and faulting mechanism. Some recent 

work and recent progress in understanding the factors that affect fault stability are also 

discussed. This includes virtual fault investigations and recent work that attempt to treat faults 

more realistically with 2D and 3D earth models. 
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Signatures of glacial isostatic adjustment (GIA) and present-day surface mass trend are 

coupled together in many modern geodetic data. To separate them, we take a global kinematic 

approach by solving simultaneously for 3 complete (1 ≤ n ≤ 60) sets of spherical harmonic 

coefficients of the present-day surface mass trend, vertical and horizontal GIA induced 

surface velocity fields, as well as rotation vectors of 15 major tectonic plates from a multi-

satellite data combination of GRACE, GPS and altimetry-assimilated ocean bottom pressure 

model. The average predictions of ICE-5G and IJ2005 (VM2) are taken as a priori GIA mean 

model. A plausible and conservative priori covariance matrix is constructed in the spherical 

harmonic domain for the GIA model by propagating the covariance matrix of random and 

geographically correlated ice thickness and lower mantle viscosity errors so that the resulting 

magnitude and geographic pattern of the geoid uncertainties roughly reflect the difference 

between two recent GIA models. No effective a priori information is used for present-day 

surface mass trend, or for plate motions. Significant present-day surface mass trend and 

deviations from the a priori GIA model are found by the simultaneous inversion with 

substantially reduced uncertainties in both. 
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