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The Global Perspective



GOCE has captured how the super-continent 
Gondwanaland (Americas + Africa + India 
+ Antarctica) 255 million years ago must 
have looked like, especially its west – east 
mountain range (blue ribbons = low density 
leftover roots of mountains eroded away in 
time) in this mosaic of shifting South 
America and Africa around and matching 
their coastlines. Courtesy: Carla Braitenberg

(FAA with topography correction)
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EROSION     



Earth’s gravitational gradient anomalies in 
the three different directions measured by 
the GOCE gradiometer.
Panet et al., Nature Geoscience, 19 Jan. 
2014, DOI: 10.1038/NGEO2063

Combined with seismic tomography, GOCE 
data might be the key to resolving one of 
the greatest uncertainties in seismology ….



The diffuse gravity gradient anomaly over North America (S1) corresponds to a seismic velocity anomaly between 
900 and 1,600 km. This could be the remnants the Farallon Plate - an ancient oceanic plate that began 
subducting under the North American plate as Pangea broke apart (Panet et al., Nature Geoscience, 2014).



The broad positive YY pattern over Asia is probably related to a deeper and wider mass anomaly. It corresponds 
to an area of fast seismic velocities, at about 1,900 km depth. This may reflect remnants of a subducted plate 
from the Jurassic era (Panet et al., Nature Geoscience, 2014).



Regional Studies



Improved Crustal Thickness Estimates for 
South-America

Map of crustal thickness from van der Meijde et al. 
(2013). Circles represent locations where thickness 
based on gravity derived from GOCE, GRACE and 
CHAMP data has been compared to seismic data.   

For green circles the difference is within 6 km. Blue 
represents an overestimate by the gravity model of 
between 6 and 12 km. Black circles and overestimate 
of more than 12 km. Orange and red show 
underestimates of 6-12 km and over 12 km 
respectively.

Inset bottom right is a scatterplot of misfits between 
seismic observations on the x-axis and gravity 
derived estimates on the vertical. Black and red lines 
indicate a deviation of 6 and 12 km respectively.

Courtesy: Mark van der Meijde



… and for Africa. Difference maps for GOCE-derived crustal thickness and the two hitherto most commonly used 
crustal thickness maps. Left panel: Difference map with Crust 2.0 model (Laske and Masters, 1997). Right panel: 
difference map with Tedla et al. (2011) model. Difference maps are from Tugume et al., Tectonophysics, 2013.



The Reykjanes Ridge: a) bathymetry from the GEBCO bathymetric chart show the ridge clearly; b) GOCE gravity 
gradient data produced by Sebera and Novak shows the ridge as a sharp feature; c) the shape of the ridge (in 
red) can for a major part be explained by a thermal model of the cooling oceanic lithosphere (black), indicating 
that the bathymetry formation for at least this part of the Atlantic Ridge is dominated by a thermal cooling 
process. Courtesy: Wouter van der Wal.



Top: Gravity anomalies from GOCE GOCO03S solution, 
free-air anomaly and isostatic anomaly using the Airy 
compensation scheme. Gravity anomalies onboard the 
K13 submarine by Vening Meinesz in the 1930s, free-
air anomaly and isostatic anomaly using the Airy 
scheme. Bottom: The bathymetry of the ocean floor 
and the sonar depth measurements from the K13 
(courtesy: Bart Root).

This free-air anomaly, constructed from the GOCO03S 
gravity model, shows the Hawaiian–Emperor sea-
mount chain in sufficient detail to identify individual 
subsurface volcanic seamounts. To the north the 
Aleutian-Alaskan subduction zone is visible with its 
own volcanic arc. The black line is the location of 
measurements by Vening Meinesz corresponding to 
the plots shown to the right (courtesy: Bart Root).



Ice and the Solid Earth



GRACE has captured temporal mass 
variations over Greenland in high detail, 
as for example this plot taken from van 
den Broeke et al., Partitioning recent 
Greenland mass loss, Science, 326, 984-
986, 2009, shows.

Interpretations in terms of present-day ice 
mass change are not straightforward, 
though, as solid-earth deformation due to 
land ice variations over the past 20,000 
years also contribute to temporal mass 
change as detected by GRACE.



Reassessment of the Potential Sea-Level Rise                         
from a Collapse of the West Antarctic Ice Sheet,

Jonathan Bamber, Riccardo Riva, Bert Vermeersen & Anne LeBrocq, 
Science, 324, 901 - 903, 2009.



Antarctic surface topography (gray shading) 
and bed topography (brown) defining the 
region of interest. For clarity, the ice shelves 
in West Antarctica are not shown. Areas 
more than 200 m below sea level in East 
Antarctica are indicated by blue shading 
(from Bamber et al. , Science, 2009).



Comparison of the area of ice sheet calculated to survive after a collapse of the WAIS in:
(A) Bamber et al. (2009) and the hitherto then commonly accepted one (B) by Mercer (1978).
By determining the geoid (sea level surface) by GRACE, sea-level equivalent WAIS was reduced from 6-7 to 3-4 m.



How to disentangle postglacial rebound from present-day mass changes ???

GRACE: observes mass changes ICESat: observed height changes

Satellite Gravity

Satellite Altimetry

Combining gravity change with altimetry change observations might do the trick …



GRACE (gravity) data      and      ICESat (altimetry) data

CSR RL04, SLR C20, destriped 300 km Gaussian smoothing
Riccardo Riva, Brian Gunter, Bert Vermeersen, Roderik Lindenbergh, Tim Urban, Michiel Helsen, Jonathan Bamber, 
Bob Schutz, Roderik S. W. van de Wal & Michiel van den Broeke, Glacial Isostatic Adjustment over Antarctica from 
combined GRACE and ICESat satellite data, Earth Planet. Sci Lett., 288, 516-523, 2009.



The Unexpected GOCE …



GOCE was not designed to detect temporally varying mass variations. But it surprisingly did at greater spatial 
resolution than GRACE! For example: ice mass loss over West-Antarctica. Band-pass filtered and Gaussian 
smoothed vertical gravity gradients from GRACE (left) and GOCE (right) using average data for July-October 
2011 compared to a reference model. To allow comparison between the satellite data and the model a 90 km 
filter is used for GOCE and a 300 km filter for GRACE. Courtesy: Johannes Bouman.



Though not designed to detect temporal gravity variations, GOCE also did detect gravity gradient changes due to 
the 2011 Tohoku, Japan, earthquake. The star shows the epicenter. Left: band-pass filtered, Gaussian smoothed 
vertical gravity gradients from GOCE with respect to a reference model for Japan. Right: band-pass filtered, 
Gaussian smoothed vertical gradients from forward modelling by Taco Broerse. Courtesy: Johannes Bouman.



Different epicenters from seismic networks and GOCE. Global CMT computed from seismic data. The other three 
locations are derived from GOCE data based on different assumptions about the thickness of the Earth’s crust 
(13, 16.5, 20 km) in the region. Courtesy: Gabriele Cambiotti and Roberto Sabadini (epicenters) and NOAA 
(ETOPO1 bathymetry data). The GOCE solutions coincide with a fault, vaguely visible from top to right left.



The GOCE satellite detected sound waves from the 2011 Tohoku, Japan earthquake. At GOCE's orbital altitude, 
the concentration of air molecules is very low so weak sound waves coming up from the ground are strongly 
amplified. Variations in air density owing to the earthquake were measured by GOCE and combined with a 
numerical model to show the propagation of low frequency infrasound waves. Courtesy: Eelco Doornbos.



GRACE and GOCE have produced a tremendous amount of new valuable data for the (solid) earth sciences

Applications cover deep earth to crustal structures, solid-earth dynamic processes and ice mass variations

The best of interpretation is still yet to come for many solid earth applications, especially of GOCE data

Watch out for ESA’s GOCE iBook, soon to be released, with many more applications of GOCE data


