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[1] Predictions are presented of secular changes in the
geoid arising from glacial-isostatic adjustment (GIA)
following the Last Glacial Maximum and from present-
day mass changes in the Greenland Ice Sheet (GIS). Geoid
displacement from ongoing GIA is dominated by ice-load
changes outside of Greenland at lower spherical-harmonic
degrees (<30), and modified at higher degrees by the recent
(last few thousand years) GIS history. Ice-margin mass
changes dominate the present-day GIS geoid response,
although comparable signals are obtained when considering
the uncertainty range in the higher-elevation changes
(>2000 m). Spatial variability is noted when the present-
day GIS response is expanded to degree and order 32. This is
detectable by GRACE when assuming an optimistic
accuracy, but is too small by a factor of ca. 3 for an
alternate accuracy estimate. Present-day GIS geoid
displacement rates are generally less than the equivalent
response from ice-mass changes in Antarctica, Patagonia
and Alaska. INDEX TERMS: 1299 Geodesy and Gravity:

General or miscellaneous; 1645 Global Change: Solid Earth; 1827

Hydrology: Glaciology (1863). Citation: Fleming, K.,

Z. Martinec, and J. Hagedoorn (2004), Geoid displacement about

Greenland resulting from past and present-day mass changes in the

Greenland Ice Sheet, Geophys. Res. Lett., 31, L06617,

doi:10.1029/2004GL019469.

1. Introduction

[2] The geographic distribution of contemporary ice-load
changes is an important factor when resolving spatial
variability in present-day sea-level change [e.g., Conrad
and Hager, 1997; Mitrovica et al., 2001]. We will examine
this issue by discussing the effect of past and present-day
ice-load changes, specifically those of the Greenland Ice
Sheet (GIS), on secular-geoid displacement. This is carried
out within the context of the gravity-space mission, GRACE
[e.g., Rummel et al., 2002]. Satellite-derived estimates of
geoid-displacement rates are particularly useful in that they
do not show a significant sensitivity to load history, hence
providing a constraint on current mass balances. However,
we must still identify the effect of ongoing glacial-isostatic
adjustment (GIA), that is the result of the deglaciation
following the Last Glacial Maximum (LGM, ca. 21 ka).

2. Modeling of Geoid Displacement

[3] Our predictions of geoid displacement are found
using a gravitationally self-consistent model based on the

spectral finite-element method [Martinec, 2000] that accom-
modates the sea-level equation and changes in the Earth’s
rotation. We use a four-layer, viscoelastic earth model
consisting of an elastic lithosphere of thickness hL, an upper
mantle, extending until the 670 km discontinuity, of vis-
cosity hUM, a lower mantle of viscosity hLM and an inviscid
core. The elastic and shear-modulus properties are from
PREM [Dziewonski and Anderson, 1981] and the mantle is
a Maxwell-viscoelastic body. Two earth models are tested:
EARTH1, hL = 80 km, hUM = 5 � 1020 Pa s and hLM = 10 �
1021 Pa s [e.g., Lambeck et al., 1998], and EARTH2, hL =
120 km, hUM = 10 � 1020 Pa s and hLM = 4 � 1021 Pa s
[e.g., Mitrovica and Peltier, 1989].
[4] The ice models describing changes in the global ice

regime outside of Greenland following the LGM are recent
versions developed by the Australian National University
(ANU) [e.g., Lambeck et al., 2003]. The ice sheets consid-
ered are those that covered North America (Laurentide,
Innuitian, Cordilleran), Europe (British Isles, Fennoscandia,
Barents-Kara Seas), and Antarctica. Greenland’s glacial
history is represented by GREEN1 [Fleming and Lambeck,
2004], which describes changes in the GIS since the LGM,
but neglects the neoglacial (the period when the ice sheet
retreated behind the present-day margin and readvanced
over the past few thousand years [e.g., Weidick, 1996])
and GREEN1 + NEO, which is GREEN1 with a simple
description of the neoglacial included in the southwest
(a retreat of 40 km, readvancing over the past 3 thousand
years). This is a relatively simple model compared with
more sophisticated thermomechanical examples [e.g.,
Tarasov and Peltier, 2002], as GREEN1 came from scaling
the ice-thickness changes described by preliminary maxi-
mum and minimum ice models to modify the isostatic
response and hence, obtain the best fit with relative sea-
level observations.
[5] We assess the contribution to geoid displacement due

to present-day changes in the GIS using two mass-change
models (Figure 1). The first, KRABILL (Figure 1a), is
based on data from airborne-laser altimetry surveys con-
ducted in 1993/1994 and 1998/1999 [Krabill et al., 2000].
The resulting data describes the movement of the surface
of the ice sheet. This means that a correction for ongoing
GIA-induced vertical movement should be applied. Such
movement is of the order of 5 mm/y [e.g., Krabill et al.,
2000], which is very small compared to the surface-eleva-
tion changes measured (several hundred mm/y in places).
In addition, tests done as part of this and another work
[Fleming et al., 2004] found that this contribution affects
the lower-degree present-day geoid response by less than
5%, hence for simplicity we will use uncorrected surface-
elevation changes.
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[6] The second model, THOMAS (Figure 1b), is based
on GPS and ice-flow studies [Thomas et al., 2000]. It
represents the average mass balance of the GIS above ca.
2000 m elevation over several decades. Results will also be
presented in a form that accommodates the uncertainties in
the THOMAS values, as well as using the portions of
KRABILL corresponding to the areas included and ex-
cluded by THOMAS (i.e., above and below ca. 2000 m,
respectively).

3. Results

[7] Figure 2 shows the degree-power spectra describing
present-day geoid changes arising from ongoing GIA fol-
lowing the LGM, compared with two estimates of the

expected accuracy in the observations from GRACE after
five years [Wahr and Velicogna, 2003; Ch. Reigber, Geo-
ForschungsZentrum, personal communication, 2004].
The first point is the dominance of the signal from the ice
sheets outside of Greenland (ANU) below spherical-har-
monic degree 30. Secondly, the differences arising from our
choice of earth model are only noticeable at the lowest
degrees (see insert) and after around degree 30, and for the
ice models above degree 40, with the more recent ice-load
history (i.e., the inclusion or exclusion of the neoglacial
component) being more important than the choice of earth-
model parameters. We also note that these signals are
detectable by GRACE at best until ca. degree 38, or at
worse, until ca. degree 26.
[8] Degree-power spectra describing geoid changes aris-

ing from contemporary mass changes in the GIS are
presented in Figure 3. We calculated these results using
EARTH1. We find that the KRABILL signal is dominated
by the portion of the ice sheet below ca. 2000 m, as
expected since most ice loss/gain occurs here (Figure 1a).
However, we see that while the THOMAS signal is sub-
stantially less than KRABILL’s, considering the range in the
uncertainties (Figure 1b) sees this potentially increase to
comparable values.
[9] How the GIS contribution appears in the spatial

domain is shown in Figure 4, where the above results are
expanded to degree and order 32. Some spatial variability
in the geoid-displacement rates are seen, dominated by the
high mass loss in the southeast (Figures 4a and 4b). These
results are a similar order of magnitude as proposed by
other workers who employed thermomechanical ice-sheet
models [Le Meur and Huybrechts, 2001]. We also see
the opposite sign in the geoid change for the area above
2000 m between KRABILL (Figure 4c) and THOMAS
(Figure 4d), since these models define a mass gain and
loss, respectively, over this region. By way of comparison,
Figure 5 shows the geoid-displacement rates due to
ongoing-GIA from the Pleistocene ice sheets (Figure 5a,
ANU + GREEN1 + NEO) and the sum of this and the

Figure 1. The ice-load models describing contemporary
changes in the Greenland Ice Sheet tested as part of this
work. a) KRABILL [Krabill et al., 2000], b) THOMAS
[Thomas et al., 2000]. The values given are ice equivalent
relative to the present day.

Figure 2. Degree-power spectra of the predicted rates of
geoid displacement resulting from various earth- and ice-
model combinations, compared with two predictions of the
accuracy of the GRACE gravity-space mission. The insert
expands the lower-degree results. Details of the models are
given in the text.

Figure 3. Degree-power spectra of the predicted rates of
geoid displacement resulting from changes in the present-
day Greenland Ice Sheet, compared with two predictions of
the accuracy of the GRACE gravity-space mission. Details
of the models are given in the text. See also Fleming et al.
[2004].
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KRABILL contribution (Figure 5b). A west to east change
in sign in the south is identified even at this relatively low
expansion, again due to the high mass loss in the southeast.
However, we also note that by degree 32, the changes
arising from the present-day GIS are detectable by GRACE
if the Wahr and Velicogna [2003] accuracy is appropriate,
but are too small by a factor of ca . 3 if the Ch. Reigber
accuracy (personal communication, 2004) is correct
(Figures 2 and 3).
[10] Figure 6 compares the present-day GIS-induced

geoid change with that arising from other areas of major
present-day glaciation. The areas examined are Alaska
[ Arend t et al. , 2002], Patagonia [R ign ot et al . , 2003]
and Antarctica [Rignot and Thomas, 2002]. Changes in
the GIS induce secular-geoid displacement that is gener-
ally less than that from the other ice masses (with the
exception of Patagonia at degrees <8). The geoid changes
from each region are detectable by GRACE until ca.
d e gr ee 48 w h e n c on s i d er i ng t h e Wahr and Vel ico gna
[2003] accuracy, while for the Ch. Reigber accuracy
(personal communication, 2004), the Alaska and Pata-

gonia responses are detectable until ca. degrees 24 to 28,
and Antarctica’s until degree 32.

4. Conclusions

[11] Comparing the predicted spectra with estimates of
the expected accuracy of the GRACE gravity space mission
shows that, while the ongoing effect of GIA arising from
deglaciation following the LGM is detectable, this is at best
up to degree and order 38, and possible only until degree
and order 26. Likewise, the resulting signal from changes in
the GIS (and other major present-day ice masses) are
detectable until degree and order ca. 48 if the accuracy

Figure 4. Predicted rates of geoid displacement resulting
from changes in the present-day Greenland Ice Sheet
expanded up to degree and order 32. a) KRABILL [Krabill
et al., 2000], b) KRABILL <2000 m, c) KRABILL >2000 m
and d) THOMAS [Thomas et al., 2000]. See also Fleming et
al. [2004].

Figure 5. Predicted rates of geoid displacement resulting
from changes in; a) the Pleistocene ice sheets following the
LGM (ANU + GREEN1 + NEO) and b) the Pleistocene
ice sheets plus the present-day Greenland Ice Sheet
(KRABILL) expanded up to degree and order 32.

Figure 6. Degree-power spectra of the predicted rates of
geoid displacement resulting from the present-day varia-
tions of other major ice masses, compared with two
predictions of the accuracy of the GRACE gravity-space
mission. Details of the models are given in the text.
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estimate of Wahr and Velicogna [2003] is correct, and
possibly only until degree and order 18 when considering
the estimate of Ch. Reigber (personal communication,
2004). Therefore, to obtain a spatial resolution comparable
to that presented in Figure 4, the GRACE accuracy of Wahr
and Velicogna [2003] would be sufficient, while the less
optimistic estimate of Ch. Reigber (personal communica-
tion, 2004) would need to improve by a factor of around 3.
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