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global sea level rise of 7.2 m 

Outline map of 
Greenland with ice sheet 

depths.

 GISP refers to a main 
site of the Greenland Ice 
Sheet Project, where a 3 

km deep ice core was 
taken.
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Land ice contribution to sea level

Recent estimates for 1993-2003
(mm/yr)

Glaciers         Greenland Antarctica
West  East

Dyugerov&Meier (2005)        0.8 +/ 0.5 

Krabill et al. (2004)                                                        0.1-0.2

Rignot & Kanagaratnam

(2006) 0.23-0.57

Velicogna &Wahr (2005)                                                  0.23

Zwally et al. (2005)                                                        ~0

Ramillien et al. (2006)                                                        0.35

Davis et al. (2005)                                                        >0             - 0.12

Thomas et al. (2004)                                                        0.16

Zwally et al. (2005)                                                        >0              <0

Velicogna & Wahr (2006)                                                         0.4

Ramillien et al. (2006)                                                        0.3  - 0.16

IPCC’s estimate 0.8 +/- 0.5                        0.2 +/- 0.07                     0.2 +/- 0.35

Land Land iceice contribution to contribution to seasea levellevel

RecentRecent estimatesestimates for for 19931993--20032003
(mm/(mm/yryr))

Glaciers         Glaciers         GreenlandGreenland AntarcticaAntarctica
West  West  EastEast

DyugerovDyugerov&Meier (2005)        &Meier (2005)        0.8 +/ 0.5 0.8 +/ 0.5 

KrabillKrabill et et alal. (2004)                                                        . (2004)                                                        0.10.1--0.20.2

RignotRignot & & KanagaratnamKanagaratnam

(2006)(2006) 0.230.23--0.570.57

VelicognaVelicogna &&WahrWahr (2005)                                                  (2005)                                                  0.230.23

ZwallyZwally et et alal. (2005)                                                        . (2005)                                                        ~0~0

RamillienRamillien et et alal. (2006)                                                        . (2006)                                                        0.350.35

Davis et Davis et alal. (2005)                                                        . (2005)                                                        >0             >0             -- 0.120.12

Thomas et Thomas et alal. (2004)                                                        . (2004)                                                        0.160.16

ZwallyZwally et et alal. (2005)                                                        . (2005)                                                        >0              <0>0              <0

VelicognaVelicogna & & WahrWahr (2006)                                                         (2006)                                                         0.40.4

RamillienRamillien et et alal. (2006)                                                        . (2006)                                                        0.3  0.3  -- 0.160.16

IPCCIPCC’’ss estimateestimate 0.8 +/0.8 +/-- 0.5                        0.2 +/0.5                        0.2 +/-- 0.07                     0.2 +/0.07                     0.2 +/-- 0.350.35

(Adapted from a slide of Anny Cazenave et al.)
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logical record (48) suggests that some
10,000 years ago, the Amundsen
sector of the WAIS extended only
100 km farther than today, confining
the present rate of retreat to more
recent times, and the drawdown of
the Amundsen sector ice streams
has been linked (49) to a recent trigger
in the ocean. A comparable argument
may be extended to the thinning gla-
ciers in East Antarctica andGreenland,
which are also marine terminated.
Equally, there is no direct evidence
of a warming of the Amundsen Sea,
and it has long been held possible that
the marine-terminatedWAIS, and the
Amundsen sector in particular, may
be geometrically unstable (50), and
the retreating East Antarctica streams
have a similar geometry (Fig. 2A). In
Greenland, where summermelting is
widespread and increasing,Global Po-
sitioning System measurements have
shown the melting to affect flow ve-
locity in the ice sheet interior (26), in-
troducing the possibility that increased
surface meltwater is reaching the
bed and accelerating the ice flow to
the ocean.

The discovery that particular ice
streams and glaciers are dominating
ice sheet mass losses means that
today our ability to predict future
changes is limited. Present numerical
models capture neither the details of
actual ice streams nor, in Greenland,
those of hydraulic connections be-
tween the surface and the bed. In
addition, the detailed mechanics at
the grounding line still remain to be
fully worked out. In consequence,
the view that the changing sea-level
contribution of the Antarctic and
Greenland ice sheets in the 21st cen-
tury will be both small and negative
as a result of accumulating snow in
Antarctica [e.g., –0.05 mm year−1 in
(1)] is now uncertain.

Because our predictive ability is
limited, continued observation is
essential. The satellite record clearly
identifies the particular ice streams
and glaciers whose evolution is of greatest
concern. The causes of their instability need to
be identified. Their detailed basal topography,
their basal hydrology, and the details of the in-
teraction with their surrounding shelf seas need
to be established. Numerical models that cap-
ture the detailed dynamics of these glaciers and
their hydrology are required. Of equal impor-
tance are meteorological and ice core measure-
ments that will increase confidence in forecast
models of accumulation and ablation fluctuations,

because to a considerable extent these limit
interpretations of the short satellite records. There
is a great deal that the International Polar Year
may achieve.
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Fig. 3. (A) Rate of elevation change of the Greenland Ice Sheet,
1992 to 2003, determined from satellite radar altimetry [from
(22)], and (B) time series of elevation change of individual
sectors, 2003 to 2005, determined from satellite gravimetry
[from (16)]. Also shown (inset) is the ice surface geometry,
highlighting areas above (gray) and below (black) 2000 m
elevation. Both instruments concur that high elevation areas are
growing and low elevation areas are losing mass. According to
gravimetry (16) and repeat InSAR measurements of ice dis-
charge (12), the rate of mass loss at low elevations has increased
over the past decade (see Table 1).
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The discovery that particular ice
streams and glaciers are dominating
ice sheet mass losses means that
today our ability to predict future
changes is limited. Present numerical
models capture neither the details of
actual ice streams nor, in Greenland,
those of hydraulic connections be-
tween the surface and the bed. In
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contribution of the Antarctic and
Greenland ice sheets in the 21st cen-
tury will be both small and negative
as a result of accumulating snow in
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Because our predictive ability is
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identifies the particular ice streams
and glaciers whose evolution is of greatest
concern. The causes of their instability need to
be identified. Their detailed basal topography,
their basal hydrology, and the details of the in-
teraction with their surrounding shelf seas need
to be established. Numerical models that cap-
ture the detailed dynamics of these glaciers and
their hydrology are required. Of equal impor-
tance are meteorological and ice core measure-
ments that will increase confidence in forecast
models of accumulation and ablation fluctuations,

because to a considerable extent these limit
interpretations of the short satellite records. There
is a great deal that the International Polar Year
may achieve.
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Fig. 3. (A) Rate of elevation change of the Greenland Ice Sheet,
1992 to 2003, determined from satellite radar altimetry [from
(22)], and (B) time series of elevation change of individual
sectors, 2003 to 2005, determined from satellite gravimetry
[from (16)]. Also shown (inset) is the ice surface geometry,
highlighting areas above (gray) and below (black) 2000 m
elevation. Both instruments concur that high elevation areas are
growing and low elevation areas are losing mass. According to
gravimetry (16) and repeat InSAR measurements of ice dis-
charge (12), the rate of mass loss at low elevations has increased
over the past decade (see Table 1).
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REVIEW

Recent Sea-Level Contributions of the
Antarctic and Greenland Ice Sheets
Andrew Shepherd1 and Duncan Wingham2*

After a century of polar exploration, the past decade of satellite measurements has painted an
altogether new picture of how Earth’s ice sheets are changing. As global temperatures have risen,
so have rates of snowfall, ice melting, and glacier flow. Although the balance between these
opposing processes has varied considerably on a regional scale, data show that Antarctica and
Greenland are each losing mass overall. Our best estimate of their combined imbalance is about
125 gigatons per year of ice, enough to raise sea level by 0.35 millimeters per year. This is only a
modest contribution to the present rate of sea-level rise of 3.0 millimeters per year. However, much
of the loss from Antarctica and Greenland is the result of the flow of ice to the ocean from ice
streams and glaciers, which has accelerated over the past decade. In both continents, there are
suspected triggers for the accelerated ice discharge—surface and ocean warming, respectively—
and, over the course of the 21st century, these processes could rapidly counteract the snowfall
gains predicted by present coupled climate models.

Antarctica and Greenland hold enough ice
to raise global sea levels by some 70m (1)
and, according to the geological record

(2), collapses of Earth’s former ice sheets have
caused increases of up to 20 m in less than 500
years. Such a rise, were it to occur today, would
have tremendous societal implications (3). Even a
much more gradual rise would have great impact.
Accordingly, one goal of glaciological survey [e.g.,
(4, 5)] is to determine the contemporary sea-level
contribution due to Antarctica and Greenland. For
much of the 20th century, however, the size of
these ice sheets hindered attempts to constrain their
mass trends, because estimating whole–ice sheet
mass change could be done only by combining
sparse local surveys, with consequent uncertainty.
For example, a 1992 review (6) concluded that the
available glaciological measurements allowed
Antarctica to be anything from a 600 Gt year−1

sink to a 500Gt year−1 source of oceanmass [500Gt
of ice equals 1.4 mm equivalent sea level (ESL)],
accounting for nearly all of the 20th-century sea-
level trend of 1.8 mm year−1 (1) or, in the other
direction, leaving amass shortfall of some 1000Gt
year−1. Even the 2001 Intergovernmental Panel on
Climate Change (IPCC) report (1) preferred mod-
els to observations in estimating Antarctic and
Greenland sea-level contributions.

However, in the past decade, our knowledge
of the contemporary mass imbalances of Antarc-
tica and Greenland has been transformed by the
launch of a series of satellite-based sensors. Since
1998, there have been at least 14 satellite-based
estimates (7–20) of themass imbalance of Earth’s

ice sheets (Table 1). At face value, their range of
some –366 to 53 Gt year−1, or 1.0 to –0.15 mm
year−1 sea-level rise equivalent, explains much of
the eustatic component of 20th-century sea-level
rise [1.5 mm year−1 in (21)], but we argue that the
contribution is smaller and the problem of closing
the 20th-century sea-level budget remains. Equally,
the new observations provide a picture of consid-
erable regional variability and, in particular, the

long-predicted [e.g., (1)] snowfall-driven growth
[e.g., (10, 22)] is being offset by large mass losses
from particular ice stream and glacier flows [e.g.,
(12, 23)]. There is, moreover, evidence in Green-
land and Antarctica of recent accelerations in these
flows (12, 24, 25). It is apparent that the late 20th-
and early 21st-century ice sheets at least are dom-
inated by regional behaviors that are not captured
in the models on which IPCC predictions have
depended, and there is renewed speculation
(26, 27) of accelerated sea-level rise from the ice
sheets under a constant rate of climate warming.

Although the observations in Table 1 have nar-
rowed the uncertainty in estimates of the eustatic
contribution to sea level, the range of values is
notably wider than their stated uncertainties. Ac-
cordingly, we give consideration to the limitations
of the three methods—accounting the mass budget
[e.g., (9)], altimetry measurement of ice-sheet vol-
ume change [e.g., (7)], and observing the ice sheets’
changing gravitational attraction [e.g., (11)]—used
to calculate the estimates in Table 1. In light of

these limitations,we discuss the recent
changes in the Antarctic and Green-
land ice sheets (AIS andGIS), andwe
conclude with some remarks on the
future evolution of the ice sheets.

Methods and Their Sensitivity to
Accumulation Rate
The mass-budget method [e.g.,
(9, 12)] compares the mass gain due
to snowfall to mass losses due to sub-
limation, meltwater runoff, and ice
that flows into the ocean. It has been
given new impetus by the capability
of interferometric synthetic aperture
radar (InSAR) to determine ice sur-
face velocity. This has improved
earlier estimates of the ice flux to the
ocean (5) and provides a capability to
identify accelerations of ice flow. The
method is hampered by a lack of ac-
curate accumulation and ice thickness
data. For Antarctica, where surface
melting is negligible, accumulation
may be determined by spatially aver-
aging the history of accumulation
recorded in ice cores, or from mete-
orological forecast models. Estimates
of the temporally averaged accumu-
lation or “mean” accumulation range,
respectively, from 1752 to 1924 Gt
year−1 (1) and from 1475 to 2331 Gt

year−1 (28). The meteorological data are acknowl-
edged to be of inferior accuracy (28), and their wide
range can perhaps be discounted. The range of the
core-based estimates, which use substantially the
same core records, arises from differences in their
spatial interpolation. Recent compilations have
used the satellite-observed microwave temperature,
which is correlated with accumulation, to guide the
interpolation, and a careful study (29) placed the

SPECIALSECTION
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Fig. 1. Fluctuations in (A) the rate of snow accumulation (SA)
of Antarctica [redrawn from (38)] and (B) the net surface mass
balance (SMB) of Greenland [drawn from the data of (32)],
determined from model reanalyses of meteorological observa-
tions expressed as ESL rise. Also shown are the ranges of
published mean accumulation rates determined from glacio-
logical observations (yellow) and climate models (blue).
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logical record (48) suggests that some
10,000 years ago, the Amundsen
sector of the WAIS extended only
100 km farther than today, confining
the present rate of retreat to more
recent times, and the drawdown of
the Amundsen sector ice streams
has been linked (49) to a recent trigger
in the ocean. A comparable argument
may be extended to the thinning gla-
ciers in East Antarctica andGreenland,
which are also marine terminated.
Equally, there is no direct evidence
of a warming of the Amundsen Sea,
and it has long been held possible that
the marine-terminatedWAIS, and the
Amundsen sector in particular, may
be geometrically unstable (50), and
the retreating East Antarctica streams
have a similar geometry (Fig. 2A). In
Greenland, where summermelting is
widespread and increasing,Global Po-
sitioning System measurements have
shown the melting to affect flow ve-
locity in the ice sheet interior (26), in-
troducing the possibility that increased
surface meltwater is reaching the
bed and accelerating the ice flow to
the ocean.

The discovery that particular ice
streams and glaciers are dominating
ice sheet mass losses means that
today our ability to predict future
changes is limited. Present numerical
models capture neither the details of
actual ice streams nor, in Greenland,
those of hydraulic connections be-
tween the surface and the bed. In
addition, the detailed mechanics at
the grounding line still remain to be
fully worked out. In consequence,
the view that the changing sea-level
contribution of the Antarctic and
Greenland ice sheets in the 21st cen-
tury will be both small and negative
as a result of accumulating snow in
Antarctica [e.g., –0.05 mm year−1 in
(1)] is now uncertain.

Because our predictive ability is
limited, continued observation is
essential. The satellite record clearly
identifies the particular ice streams
and glaciers whose evolution is of greatest
concern. The causes of their instability need to
be identified. Their detailed basal topography,
their basal hydrology, and the details of the in-
teraction with their surrounding shelf seas need
to be established. Numerical models that cap-
ture the detailed dynamics of these glaciers and
their hydrology are required. Of equal impor-
tance are meteorological and ice core measure-
ments that will increase confidence in forecast
models of accumulation and ablation fluctuations,

because to a considerable extent these limit
interpretations of the short satellite records. There
is a great deal that the International Polar Year
may achieve.

References and Notes
1. J. A. Church, J. M. Gregory, in Climate Change 2001: The

Scientific Basis, J. T. Houghton et al., Eds. (Cambridge
Univ. Press, Cambridge, 2001), chap. 11, pp. 641–693.

2. R. G. Fairbanks, Nature 342, 637 (1989).
3. N. Stern, The Economics of Climate Change: The Stern

Review (Cambridge Univ. Press, Cambridge, 2006).

4. C. S. Benson, “Stratigraphic studies in the snow and firn of
Greenland ice sheet” Research Report 70 (Cold Regions
Research and Engineering Lab, Hanover, NH, 1962).

5. C. R. Bentley, M. B. Giovinetto, Proceedings of the
International Conference on the Role of Polar Regions in
Global Change (Geophysical Institute, University of
Alaska, Fairbanks, AK, 1991), pp. 481–486.

6. S. S. Jacobs, Nature 360, 29 (1992).
7. D. J. Wingham, A. Ridout, R. Scharroo, R. Arthern,

C. K. Shum, Science 282, 456 (1998).
8. W. Krabill et al., Science 289, 428 (2000).
9. E. Rignot, R. H. Thomas, Science 297, 1502 (2002).

10. C. H. Davis, Y. Li, J. R. McConnell, M. M. Frey, E. Hanna,
Science 308, 1898 (2005).

11. I. Velicogna, J. Wahr, Geophys. Res. Lett. 32, art-L18505
(2005).

12. E. Rignot, P. Kanagaratnam, Science 311, 986 (2006).
13. I. Velicogna, J. Wahr, Science 311, 1754 (2006).
14. D. J. Wingham, A. Shepherd, A. Muir, G. J. Marshall,

Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 364, 1627
(2006).

15. J. L. Chen, C. R. Wilson, B. D. Tapley, Science 313, 1958
(2006).

16. S. B. Luthcke et al., Science 314, 1286 (2006).
17. C. H. Davis, Y. H. Li, paper presented at Science for Society:

Exploring and Managing a Changing Planet (IEEE,
Anchorage, Alaska, 20–24 Sep 2004), pp. 1152–1155.

18. H. J. Zwally et al., J. Glaciol. 51, 509 (2005).
19. G. Ramillien et al., Global Planet. Change 53, 198 (2006).
20. I. Velicogna, J. Wahr, Nature 443, 329 (2006).
21. W. Munk, Science 300, 2041 (2003).
22. O. M. Johannessen, K. Khvorostovsky, L. P. Bobylev,

Science 310, 1013 (2005).
23. A. Shepherd, D. J. Wingham, J. A. D. Mansley, H. F. J.

Corr, Science 291, 862 (2001).
24. I. Joughin, W. Abdalati, M. Fahnestock, Nature 432, 608

(2004).
25. A. Luckman, T. Murray, R. de Lange, E. Hanna, Geophys.

Res. Lett. 33, art-L03503 (2006).
26. H. J. Zwally et al., Science 297, 218 (2002).
27. R. Bindschadler, Science 311, 1720 (2006).
28. A. J. Monaghan, D. H. Bromwich, S. H. Wang, Philos.

Trans. R. Soc. A Math. Phys. Eng. Sci. 364, 1683 (2006).
29. R. J. Arthern, D. P. Winebrenner, D. G. Vaughan,

J. Geophys. Res. Atmos. 111, D06107 (2006).
30. E. J. Rignot, S. P. Gogineni, W. B. Krabill, S. Ekholm,

Science 276, 934 (1997).
31. N. Reeh, H. H. Thomsen, O. B. Olesen, W. Starzer,

Science 278, 205 (1997).
32. J. E. Box et al., J. Clim. 19, 2783 (2006).
33. N. P. M. van Lipzig, E. van Meijgaard, J. Oerlemans, Int. J.

Climatol. 22, 1197 (2002).
34. E. J. Rignot, Science 281, 549 (1998).
35. D. J. Wingham, M. J. Siegert, A. Shepherd, A. S. Muir,

Nature 440, 1033 (2006).
36. M. Horwath, R. Dietrich, Geophys. Res. Lett. 33,

art-L07502 (2005).
37. M. Nakada et al., Mar. Geol. 167, 85 (2000).
38. A. J. Monaghan et al., Science 313, 827 (2006).
39. I. Joughin, E. Rignot, C. E. Rosanova, B. K. Lucchitta,

J. Bohlander, Geophys. Res. Lett. 30, 1706 (2003).
40. S. S. Jacobs, C. F. Giulivi, P. A. Mele, Science 297, 386 (2002).
41. S. Anandakrishnan, R. B. Alley, Geophys. Res. Lett. 24,

265 (1997).
42. R. Thomas et al., Science 306, 255 (2004).
43. A. Shepherd, D. Wingham, T. Payne, P. Skvarca, Science

302, 856 (2003).
44. H. Rott, P. Skvarca, T. Nagler, Science 271, 788 (1996).
45. E. Rignot et al., Geophys. Res. Lett. 31, art-L18401 (2004).
46. I. M. Howat, I. Joughin, T. A. Scambos, Science 315, 1559

(2007).
47. R. B. Alley, P. U. Clark, P. Huybrechts, I. Joughin, Science

310, 456 (2005).
48. A. L. Lowe, J. B. Anderson, Quat. Sci. Rev. 21, 1879 (2002).
49. A. J. Payne, A. Vieli, A. P. Shepherd, D. J. Wingham,

E. Rignot, Geophys. Res. Lett. 31, art-L23401 (2004).
50. J. Weertman, J. Glaciol. 13, 3 (1974).

10.1126/science.1136776

Fig. 3. (A) Rate of elevation change of the Greenland Ice Sheet,
1992 to 2003, determined from satellite radar altimetry [from
(22)], and (B) time series of elevation change of individual
sectors, 2003 to 2005, determined from satellite gravimetry
[from (16)]. Also shown (inset) is the ice surface geometry,
highlighting areas above (gray) and below (black) 2000 m
elevation. Both instruments concur that high elevation areas are
growing and low elevation areas are losing mass. According to
gravimetry (16) and repeat InSAR measurements of ice dis-
charge (12), the rate of mass loss at low elevations has increased
over the past decade (see Table 1).
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(a) (b) (c)

Fig. 1. Elevation changes derived from ICESat data using the three different methods. (a)M1, (b)M2 and (c)M3.

(
dH
dx , dH

dy

)
and it is found by a least squares fit of these sur-

face parameters to the measurements from two campaigns.

The choice of the two campaigns, which are used to gener-

ate the reference surface, is based on two criteria. The first

criterion is that the two campaigns are separated by one year

in time. This ensures that both the seasonal signal and the

actual change in elevation between the two campaigns are

minimized. The second criterion is that the ICESat tracks,

used to generate the reference surface, are the ones that span

the largest area. These criteria help to ensure that the refer-

ence surface is representative of the surface slope. Hence,

this reference surface is considered the reference for all other

ICESat measurements in a given along-track segment, simi-

lar to the use of a DEM in M1:

!HM2= H ICESat−H ref , (5)

The height of the reference surface at a point (x,y) is given

by:

H ref
ij =

(
dH

dx

)

ij

(x −x0)+
(

dH

dy

)

ij

(y −y0)+H0 . (6)

The approach of solving for dH
dt is similar to Eq. (4).

In spite of the criteria used to select the ICESat campaigns

from which the reference surface is generated, method M2 is

sensitive to seasonal variations and actual elevation changes

between the two campaigns chosen. The dH
dt estimates will,

therefore, be biased. If the surface elevation has changed

significantly, due to a change in mass balance in the time

between the two tracks used, this method will underestimate

the dH
dt values, since some of the elevation change signal is

removed.

3.3 Method 3

The third method (M3) is similar to the one presented in

Howat et al. (2008) and Smith et al. (2009). In each along-

track segment, the surface elevation HM3 is assumed to vary

linearly with position (x,y), time (t) and a sine and cosine

term, describing the seasonal signal:

HM3
ij =





Aij

Bij

αij

βij(
dH
dx

)
ij(

dH
dy

)

ij





(t,1,cosωt,sinωt,(x −x0),(y −y0)) (7)

where Aij =
(

dH
dt

)
ij
,
(

dH
dx

)
is the along-track slope,

(
dH
dy

)
is

the cross-track slope, and Bij is an estimate of the topogra-

phy underlying the elevation changes. (x0,y0) is the centroid

point of the area spanned by all the measurements in the track

segment. In each segment, a least squares linear regression

is performed to estimate all these parameters.

This method is sensitive to the track constellation in a seg-

ment. If the change in time
(

dH
dt

)
is strongly correlated with

the change in position (e.g.
(

dH
dx

)
), this method will not be

able to separate the two components.

3.4 Elevation change results

The elevation changes obtained by the three methods show

that there is good agreement between the patterns of ele-

vation changes (see Fig. 1a–c). A distinct thinning of the

ice sheet is generally found along the southeast and west

coast, while a smaller but consistent thickening is found in

the interior part of the ice sheet, which is in agreement with

other altimetry studies (Abdalati et al., 2001; Thomas et al.,
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Different methods have been used to derive secular surface

elevation change estimates
(

dH
dt

)
of snow- or ice-covered ar-

eas from ICESat data (Fricker and Padman, 2006; Howat

et al., 2008; Slobbe et al., 2008; Pritchard et al., 2009). Here

we use three different methods to derive dH
dt and the differ-

ences are investigated.

The total volume change of the GrIS is found by fitting

a smooth surface, which covers the entire ice sheet, to the

ICESat derived dH
dt estimates. The conversion of the derived

dH
dt values to a mass change is based on various elevation

change correction terms and a simple surface density model.

The firn correction and the surface density models are forced

by climate parameters from a regional climate model (RCM).

Other studies have linked climate models and surface mass

balance models in order to estimate the mass balance of the

GrIS (Li et al., 2007; van den Broeke et al., 2009; Zwally

et al., 2011), but in our approach, we directly use the esti-

mated dH
dt values from ICESat to derive the total mass bal-

ance including firn dynamics, driven by the HIRHAM5 high

resolution RCM (Sect. 5.2).

The first part of this paper is dedicated to the description

of the ICESat data and the methods used for deriving eleva-

tion and volume changes of the GrIS (Sects. 2 to 3). The

volume change estimates and their associated uncertainties

are presented in Sect. 4.

In the second part of this paper, the conversion from vol-

ume to mass is described (Sects. 5 to 7). This includes the

changes in the firn compaction and surface density of the

GrIS. The theoretical treatment of the firn processes is pre-

sented in Sect. 5. In Sect. 6, additional elevation changes,

that do not contribute to the mass balance of the ice sheet,

are described and quantified. The findings from both obser-

vations and model treatment are combined to derive the total

mass balance of the GrIS, which is presented in Sect. 7, along

with an error analysis of the mass balance.

2 ICESat data

ICESat carries the Geoscience Laser Altimeter System

(GLAS) instrument (Abshire et al., 2005). Technical prob-

lems with the GLAS instrument early in the mission have re-

sulted in a significant reduction in repeated tracks and, hence,

in spatial resolution. As a consequence of this and due to the

inclination of the satellite, the tracks are separated by approx-

imately 30 km in the southern part of Greenland.

The GLAS/ICESat Antarctic and Greenland Ice Sheet Al-

timetry Data product (GLA12) (Zwally et al., 2010) was

downloaded from the National Snow and Ice Data Center.

This level-2 altimetry product provides geolocated and time

tagged ice sheet surface elevation estimates, with respect to

the TOPEX/Poseidon reference ellipsoid. The satellite laser

footprint size is 30–70m and the distance between the foot-

print centres is approximately 170m. This study is based on

the 91-day repeat cycle ICESat data (release 31) from Octo-

Table 1. ICESat data description. Shown is the laser campaign

identifier (ID), data release number (RL), and time span of the cam-

paigns. N and M are the number of measurements from the GrIS

before and after the data culling, respectively.

ID RL Time span N M

L2A 531 4 Oct 2003–18 Nov 2003 1 095 647 941 052

L2B 531 17 Feb 2004–20 Mar 2004 815 998 695 242

L2C 531 18 May 2004–20 Jun 2004 739 672 680 031

L3A 531 3 Oct 2004–8 Nov 2004 851 789 727 425

L3B 531 17 Feb 2005–24 Mar 2005 829 689 704 680

L3C 531 20 May 2005–22 Jun 2005 800 876 679 827

L3D 531 21 Oct 2005–23 Nov 2005 821 825 695 949

L3E 531 22 Feb 2006–27 Mar 2006 883 492 752 123

L3F 531 24 May 2006–25 Jun 2006 743 702 626 463

L3G 531 25 Oct 2006–27 Nov 2006 809 655 698 710

L3H 531 12 Mar 2007–14 Apr 2007 838 647 778 350

L3I 531 2 Oct 2007–4 Nov 2007 761 576 705 639

L3J 531 17 Feb 2008–21 Mar 2008 375 239 368 148

Total 10 367 807 9 053 639

ber 2003 to March 2008. The time span and release number

of the laser campaigns in the dataset are listed in Table 1.

ICESat data pre-processing

A procedure of data culling and the application of correc-

tions is necessary to reduce some of the systematic errors in

the ICESat dataset and to remove problematic measurements

(Smith et al., 2005). Saturation of the waveform can induce

errors in surface elevation estimates (Fricker et al., 2005).

Applying the saturation correction to the relevant measure-

ments, which are flagged in the data files, reduces these er-

rors (NSIDC, 2010). We have also used the standard devia-

tion of the difference between the shape of the return signal

and a Gaussian functional fit (the IceSvar parameter), to eval-

uate the data. Large standard deviations indicate less reliable

surface elevation estimates (Smith et al., 2009), and mea-

surements for which the misfit is large (IceSvar≥ 0.04V)
are rejected from the further analysis. Multiple peaks can be

caused by reflections from clouds and by topography in the

illuminated footprint. All measurements that contain more

than one peak in the return signal are rejected from the anal-

ysis. Besides these two criteria, we have also used data qual-

ity flags and warnings given with the data to reject problem-

atic measurements. We find that these thresholds result in an

overall reduction of crossover errors, see Supplement.

Only measurements from the GrIS and the surrounding

glaciers and ice caps are considered in the elevation change

analysis (Csatho et al., 2009). The total number of ICESat

measurements from the ice covered areas is 10 367 807. Af-

ter rejecting problematic measurements in the data culling

procedure, the number is reduced by approximately 13% to

9 053 639, see Table 1. In the data culling, 78.4% of the re-

jected data are rejected by various quality and warning flags,
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Fig. 6. The spatial distribution of the mass change of the GrIS,

given in metres of ice equivalent. The result is based on the estimate

derived by M3. The pattern of coastal thinning seen in Fig. 1 is also

found in the mass change of the GrIS.

mass balance of the GrIS, which appear in the literature. To

summarise the results of this study, the total mass balance

estimates of the GrIS, are listed in Table 2. We have chosen

to derive the mass change both with and without applying

the firn compaction correction, to highlight the importance of

this correction. The second key assumption of the mass loss

derivation is the density ρ̃, from which the volume change is

related to mass. The assumption, that an elevation decrease

above the ELA is caused by a loss of glacial ice somewhere in

the ablation area due to ice dynamics, increases the estimated

mass loss of the GrIS. The total mass balances estimates (Ta-

ble 2) are derived both with ρ̃ and ρ̂.

The total error of the mass balance estimate, δ dM
dt
, is a

function of the many different contributing components to

the mass balance calculation. The error of the combined vol-

ume to mass conversion is given by the following contrib-

utors. (1) The error of the ICESat derived volume change

given by the bootstrap method. The methodology of vol-

ume error determination, has also been applied on the mass

change estimate, resulting in an estimated error, δICESat, of

18–23Gt yr−1. (2) The error of change in firn compaction,
δFirn. (3) The error of bedrock movement, δbr. (4) The er-

ror of the intercampaign bias correction, δIntCamp. (5) The

error from neglecting basal melt in areas of corrected eleva-

tion increase, δMelt. (6) Error of the neglecting ice build up

above the ELA, δELABuildUp. If the errors are assumed to be

independent, the sum of errors is written

δ dM
dt

=
√

δ2ICESat+δ2Firn+δ2br+δ2IntCamp+δ2Melt+δ2ELABuildup (18)

Our estimates of the total mass balance of the GrIS are

in the range −191±23 to −240±28Gt yr−1, based on the
comprehensive error analysis of the ICESat derive volume

changes and the theoretical treatment of the surface den-

sity and firn compaction modelling. The spatial distribu-

tion of the mass balance is seen in Fig. 6. The total mass

loss, based on M3, is equivalent to a global sea level rise of

0.66± 0.08mmyr−1.
The mass loss of the major outlet glaciers is evident in

Fig. 6 and the interior part of the GrIS shows little changes

over the period. West of the South Greenland ice divide,

the ice sheet is gaining mass, which may be caused by an

increase in precipitation (cf. Fig. 4c). The most promi-

nent area of mass increase is found in the upper area of

the Storstrømmen (Bøggild et al., 1994) outlet glacier in

Northeast Greenland. The ice sheet drainage basin ending

in Storstrømmen is believed to originate in the central part

of the GrIS near the summit area (Rignot and Kanagaratnam,

2006). Therefore, changes in Storstrømmen glacier may be

caused by effects inland, or the dynamical response of the

GrIS due to changes in climate. However, this has to be ver-

ified by additional studies of this area.

8 Discussion and conclusions

Using three different methods to derive elevation changes

of the GrIS from ICESat data during the period October

2003–March 2008 reveals a consistent picture of massive

ice thinning along the margin of the GrIS and a smaller

elevation increase in the interior parts. The thinning is

most evident along the southeast and the west coasts. An

interpolation and bootstrap approach is applied, to derive

a total annual volume change of snow/ice together with

the corresponding uncertainties for all three methods. Vol-

ume changes of −231± 24 km3 yr−1, −187± 21 km3 yr−1
and −239± 26 km3 yr−1 are computed, depending on the
method used. The difference in volumes obtained, confirms

that mass balance studies from satellite altimetry are sensi-

tive to the approach chosen for deriving elevation changes.

From this analysis it is concluded that the volume estimate

based on M2 probably is an underestimation of the vol-

ume change. Method M1 and M3 results in similar volume

change estimates. Based on the uncertainty estimate alone, it

is not possible to conclude which method performs the best.

In order to correct the observed elevation changes for pro-

cesses not contributing to the ice sheet mass balance, we have

estimated the change in firn compaction, the vertical bedrock

movement caused by GIA and elastic uplift and the trend in

the ICESat intercampaign elevation bias.

www.the-cryosphere.net/5/173/2011/ The Cryosphere, 5, 173–186, 2011

elevation elevation
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http://www.nasa.gov/centers/goddard/images/content/94740main_icesat_hires.jpg
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http://earthobservatory.nasa.gov/Features/GRACE/

Gravity anomaly map from the NASA GRACE (Gravity Recovery And Climate Change).

GRACE
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 1) The LAGEOS satellites are passive vehicles covered with 
retroreflectors designed to reflect laser beams transmitted from 
ground stations. By measuring the time between transmission of the 
beam and reception of the reflected signal from the satellite, 
stations can precisely measure the distance between themselves and 
the satellite. These distances can be used to calculate station 
positions to within 1-3 cm. 


 2) Long term data sets can be used to monitor the motion of the 
Earth's tectonic plates, measure the Earth's gravitational field, 
measure the "wobble" in the Earth's axis of rotation, and better 
detemine the length of an Earth day.


 3) Ground tracking stations are located in many countries 
(including the US, Mexico, France, Germany, Poland, Australia, 
Egypt, China, Peru, Italy, and Japan) and data from these stations 
is available worldwide to investigators studying crustal dynamics. 


 4) LAGEOS 1 also contains a message plaque addressed to 
human and other beings of the far distant future with maps of the 
Earth from 3 different eras - 268 million years in the past, present 
day, and 8 million years in the future (the satellite's estimated decay 
date).

Program: Lageos
LAser GEOdynamic Satellite

Series of satellites designed to provide an orbiting benchmark for geodynamical studies of the Earth. 
Mission: 

1) accurate measurement of satellite's position with respect to Earth; 
2) determination of the planet's shape (geoid) and 

3) determination of tectonic plate movements associated with continental drift.

http://msl.jpl.nasa.gov/QuickLooks/lageosQL.html
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GOCE 
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Mapping the gravity field to advance research in 
Earth-interior processes, oceanography and geodesy. GOCE 

18Friday, November 11, 2011



Two targets:

-1- Updating the mass 
balance of the GrIS by 

ICESat data elaboration and 
firn compaction modeling, 

...done by DTU 

-2- Given the “preferred” 
mass balance (right), the 

problem is providing 
estimates for the present-day 
vertical movements along the 

coasts of Greenland. 
Implications for the i) 

regional future sea level rise 
and ii) geodetic observations 

- 
(our role - work in 

progress...)
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Two different points of view:

1) Solving the SLE globally: 

Advantage: this provides a self-consistent sea level variation and 
vertical movements. 
BUT the disadvantage is: only the long-intermediate wavelengths 
of deformation can be captured (because of our limited computing 
power! --- but we are making some progress)  

2) Building a regional “elastic rebound” model for Greenland:

Advantage: all the information derived by the inversion of ICEsat 
data can be employed. 
Main disadvantage: some physical ingredients are lost: effects 
from melt-water load, “self-gravitation” of the oceans, etc. 

In both cases: Maxwell time of the mantle is ~ 300 years: 
an ELASTIC rheology is appropriate!

21
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Overview: 

- A few words on the “sea level rise” problem,  

- Contribution of Greenland to past and present sea level 
variations, 

- Modeling the effects of melting of Greenland : the 
global view point 

- ... and the regional view point

- Discussion, problems, directions, ETC... 

INGVPI  FEB 2011GS 

22
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SELEN solves the “Sea Level Equation” [Farrell, 1976]:

S =
ρi

γ
Gs ⊗i I +

ρw

γ
Gs ⊗o S − mi

ρwAo
− ρi

γ
Gs ⊗i I − ρw

γ
Gs ⊗o S

ρi, ρw =

Gs =

I =

⊗i,⊗o =

(. . .) =

sea level change

ice and water density

sea level Green function 

ice thickness variation

mi = ice mass variation

Ao = area of the oceans

3(2+1)D convolutions

ocean average

with:
S =

{
Ui

Φi

}

(ω, t) ≡
{

Gu

Gφ

}

⊗iρiI, and

{
Uo

Φo

}

(ω, t) ≡
{

Gu

Gφ

}

⊗oρwS

GS 

23
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SLE input: Mass balance from ICEsat (M3): 240 +/- 28 Gt/yr

24
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Preferred mass balance of Sorensen et al. (2011)
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Text

Actual M3 mass balance Uniform thickness

- sea level rises 
“far away”

 ESL = +0.67 mm/yr
(average sea level rise)

...- sea level falls 
“close to Greenland”

25

SLE input: Mass balance from ICEsat (M3): 240 +/- 28 Gt/yr
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SLE input: Mass balance from ICEsat (M3): 240 +/- 28 Gt/yr
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ANU05

3. GIA ranges and uncertainties (in general + Med) - Numerical test 
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SLE input: Mass balance from ICESat (M3): 240 +/- 28 Gt/yr
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Elastic solution of the Sea Level Equation
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(this) GRACE mass balance: 179 +/- 25 Gt/yr (Feb 2003 - Jan 2008) < ICESat 
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Are we missing something?
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Overview: 

- A few words on the “sea level rise” problem,  

- Contribution of Greenland to past and present sea level 
variations, 

- Modeling the effects of melting of Greenland : the 
global view point 

- ... and the regional view point

- Discussion, problems, directions, ETC... 
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P (observer)

Source-observer geometry

α

Source (disc)

Spherical non-rotating elastic isotropic (SNREI) model

Spherically symmetric Earth

a

me

ρ = ρ(r)µ = µ(r) λ = λ(r)
Lame constants Density

33

INGVPI  FEB 2011GS 

33Friday, November 11, 2011



Vertical displacement due only to (un)loading: 

with:

∆h

U(θ) = 3∆h

(
ρi

ρe

) ∞∑

n=0

σn(α)

2n + 1
hnPn(cos θ)

ρi ice and Earth average densities

σn(α) load spectral density

hn vertical “Love number”

Pn(cos θ) Legendre polynomial 

θ source-observer co-latitude

n harmonic degree

ice thickness variation

α half-amplitude of the disc load

34
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Two options:

1) Use those available from the literature. 

E.g. the “Gegout” Love numbers, based on PREM, to degree 
LMAX= 1024. Available from NASA. They are for a compressible 
multilayered Earth, Reference frame of the CM of the WHOLE 
EARTH. 
(*) See  http://gemini.gsfc.nasa.gov/aplo/Load_Love2_CM.dat. 

2) Compute your own Love numbers. 

E.g., using free software available from GS. ALMA works well for 
multi-layered models (N ~ 10^3). Advantages: LMAX can be of 
O(10**5), ad hoc regional layering, Lamé constants and density 
can be employed. Open source.  Disadvantage: Assumes 
incompressible layers.  
(*) http://www.fis.uniurb.it/spada/ALMA_minipage.html). 

Computing the elastic Love numbers hn

35
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"LNs-JPBoy.txt" using 1:2
"h_2048.dat" using 1:2

h∞?

n=2048

n=1024

h∞

Asymptotic Love number “h” is only 
sensitive to the outmost layers!

(Farrell, 1972)

h∞ = − λ + 2µ

3(λ + µ)

ρega

µ

∣∣∣∣∣
PREM

≈ −6.2129

h1 != 0
k1 = −1
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k = 1
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N ≈ 70× 103Number of elements:

αk ≈ 0.025◦Size of each element:

∆h = F (k)Thickness is variable:

. . . N
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Load

Test displacement along the 1D grid to degree LMAX=131,072
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Load

LMAX ~ 16000: ~ convergence

Test displacement along the 1D grid to degree LMAX=131,072
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RES= 36, N= 50412

θ

∆h = 1m

ξ

ok

ok+1

Details of method 

1. for all observers ok compute
“U” to degree LMAX using 
previous formula. This 1D grid 
does not need to be equally 
spaced! Use a “test” unit disc; 

2. Given a point P of the ICO 
2D grid, find its distance from a 
given ice element. In P,  find U, 
possibly by interpolation, using 
the 1D grid above. Rescale to 
compensate for the actual disc 
thickness variation;

3. Repeat for all discs, and sum 
in P the individual contributions 
(for all discs, the radial unit 
vector is the same - note that 
this NOT true for horizontal 
displacement...);  

4. Repeat for all points P of the 
2D (“almost” equally spaced) 
ICO grid. 

∆h′
P
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INGVBO OCT 2010GS Scoresby Sund in Greenland - 350 km (217 mi)
- the LONGEST fjord of the world - 

46
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INGVBO OCT 2010GS Scoresby Sund in Greenland - 350 km (217 mi)
- the LONGEST fjord of the world - 

~ 350 km
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Overview: 

- A few words on the “sea level rise” problem,  

- Contribution of Greenland to past and present sea level 
variations, 

- Modeling the effects of melting of Greenland : the 
global view point 

- ... and the regional view point

- Discussion, problems, directions, ETC... 
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regionally filtered data at KELY. The solutions have con-
verged to 0.2 mm/a within our estimated ±1.1 mm/a uncer-
tainty by the beginning of 2000, after only 4.5 years of data.
Figure 5a shows a convergence plot for KELYusing data that
is NOT corrected for regional effects. These results do not
converge to a constant rate. Figures 5a and 5b suggest that
there are interannual signals at KELY and that they have a
significant impact on the secular trend estimates when
regional filtering is not applied. We infer that these signals
are regionally correlated, since their effects are greatly
reduced after regional filtering.
[28] Wahr et al. [2001] estimated a secular subsidence

rate of !5.8 ± 1.0 mm/a at KELY (the error includes the
frame error). They used data collected between 1995.67 and
2001.15. They did not remove the regional signal in their

study. To compare our results with the results obtained by
Wahr et al. [2001], we estimate an uplift rate at KELYusing
data that is not regionally filtered and that is collected
between 1995.67 and 2001.15. We obtain a secular subsi-

Figure 4. Multiday averages and their assigned errors at (a) KELY, (b) THUL, (c) SCBB, (d) KULU,
and (e) QAQ1. The solid line shows the best fitting offsets, annual, semiannual, and secular terms.

Table 2. Observed Secular Uplift Rates and Their Uncertainties
Using the CE2007 Reference Frame and the Observed Secular
Uplift Rates Using ITRF2005a

Site CE2007, mm/a ITRF2005, mm/a

KELY 0.2 ± 1.1 1.3
THUL 3.9 ± 1.1 5.0
SCBB 0.9 ± 1.1 2.0
KULU 5.2 ± 1.1 6.3
QAQ1 1.1 ± 1.1 2.1

aBased on tide gauge and altimetry data.
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sinking by 5.8 ± 1.0 mm/a and 2.1 ± 1.5 mm/a, respectively.
They explained the subsidence at KELY as the result of an
advance of the nearby ice margin during the last 4000 years,
although the area had been deglaciating prior to that. This
interpretation is supported by geological evidence that
shows the ice sheet in this region may have advanced by
about 50 km during the last 4000 years [Huybrechts, 1992;
van Tatenhove et al., 1996]. That evidence, as well as the
GPS results, were used by both Tarasov and Peltier [2002]
and Fleming and Lambeck [2004] to constrain and assess
their Greenland deglaciation models. Both Tarasov and
Peltier [2002] and Fleming and Lambeck [2004] explained
the subsidence at KELY as a combination of an advance of
the nearby ice margin and collapse of the fore bulge that
surrounded the former North American ice sheets. The GrB
model of Tarasov and Peltier [2002], for example, includes
an advance of the entire western margin between 62!N and

72!N during the last 8000 yrs, resulting in present-day
crustal subsidence along the west coast.
[5] The geological studies that suggest a readvancing ice

margin were conducted only near Kangerlussuaq (about
20 km from KELY). Also, Wahr et al.’s [2001] GPS results
in west Greenland were only from the one location. The
GPS coverage of this area was extended by Dietrich et al.
[2005], who reported results for 1995–2002 from a network
of 10 repeatable GPS sites, with observations carried out
over a couple of weeks per year at intervals of 1–7 years.
Dietrich et al. [2005] found that the area near the western
ice margin between Paamiut (latitude 62.98!N, longitude
45.67!W) and Kangerlussuaq (latitude 67.00!N, longitude
50.68!W) is sinking by 2–4 mm/a; but that there is a
significant east-west gradient to this subsidence rate, with
smaller rates to the west.
[6] Here, we further expand the set of observational

constraints, from both the southwest coast and elsewhere
in Greenland, using data from a wider set of continuously
recording instruments than Wahr et al. [2001] had access to,
as well as reanalyzing longer data spans from KELY and
KULU. Most of these data are from GPS receivers. How-
ever, there are also data from one tide gauge, at Nuuk in
west Greenland (Figure 1). A tide gauge measures changes
in sea level relative to the surface of the crust, and so its
output contains contributions both from solid Earth dis-
placements (e.g., tectonic processes, glacial isostatic adjust-
ment following removal of ice) and from eustatic signals in
the ocean (e.g., changes in water mass or density). The
separation of the solid Earth and eustatic signals can be
obtained by using satellite altimetry data. The difference
between the tide gauge and the altimetry observations gives
an estimate of vertical crustal motion.

2. Observations
2.1. GPS Data

[7] In May 1995, Kort og Matrikel-Styrelsen (KMS)
established a permanent GPS station, Thule 1 (THU1), at
Thule Air Base (see Figure 1). Data acquisition has been
continuous, except for gaps in 1997 and 2001 due to failure
in the connection between the receiver and antenna. The
THU1 GPS antenna is mounted on the roof of an apartment
building owned by the U.S. Air Force. In March 1999,
KMS established a second GPS station, Thule 2 (THU2), at
Thule Air Base, 963.31 m from THU1. The THU2 antenna
is supported on a concrete pillar set in bedrock. The THU2
data contain relatively large gaps in 1999 and 2000, but
since 2000 the station has been collecting data without
significant interruption.
[8] KMS also operates a permanent GPS station at Score-

sbysund 1 (SCOB). The GPS station was established in
August 1997 and removed in October 2005. As a replace-
ment for SCOB, the station Scoresbysund 2 (SCOR) was
established in September 2004. Here we use data from both
sites. From August 1997 to 11 September 2004 we use
SCOB data and from 11 September 2004 to present we use
SCOR data. The distance between SCOB and SCOR is
21.86 m. We denote the combined time series of SCOB and
SCOR as SCBB.
[9] KMS also maintains a permanent GPS station at

Qaqortoq (QAQ1), established in October 2001. The GPS

Figure 1. Locations of the GPS sites (red dots), the tide
gauge station (red triangle), DYE3 (yellow triangle), and
Paamiut (green triangle).
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is the associated isostatic response, Dznoniso ; with an
uncertainty, dznoniso ; that arises from unknowns in the
imperfectly defined ice and earth models. Fig. 4 presents
for several sites around Greenland time-series curves of
the isostatic response since the LGM arising from such
ice-load changes. The curves were calculated using
nominal ice models representing the North American,
European and Antarctic ice sheets, the response from
the sum of these ice masses, and the nominal earth
model (Table 1). The contribution from the expanded
Icelandic Ice Sheet has been neglected owing to its small
size and because its response is restricted to the
immediate vicinity of the island due to the much thinner
lithosphere and underlying low-viscosity zone (e.g. Wolf
et al., 1997).

The dominance of the North American isostatic
contribution, owing to the great size and proximity of
these ice sheets, is the most obvious result, especially

when its contribution is compared with the summed
non-Greenland response. There is a relatively large
spatial variation in this part of the signal, for example
Hall Land (Fig. 4d) experiences an isostatic response
from the North American ice sheets of ca 33 m at
18 14C ka; decreasing to o1 m at 10 14C ka; while at
Jameson Land (Fig. 4b), these values are 26 and 7 m;
respectively. The European ice sheets also contribute,
with noticeable spatial variability between, for example,
Jameson Land and Claushavn (Fig. 4c). Another feature
of these modelled curves, especially the North American
and European results, is the complex temporal varia-
tion. The earlier positive values are heavily influenced by
the direct gravitational attraction of the ice sheets, while
the later negative values are a consequence of the
collapse of the peripheral forebulges surrounding the ice
sheets. Little spatial dependence is found in the
Antarctic results because Greenland is in the far-field
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and 19). The minimum-model results for Thule (Fig.
13a) and Iterluk (Fig. 13b) are completely inadequate
and are not included since the resulting scaling factors
are meaningless (Table 2, line 18). This supports the
current view that the Innuitian and Northwest Green-
land ice masses coalesced during the LGM (e.g.
England, 1998, 1999; Zreda et al., 1999). However, the
fits between the observations and maximum model
results are also poor, and require significant modifica-
tions to the spatial and temporal characteristics of the
models. In these later models, the present-day coastline
was cleared of ice by 10 14C ka; whereas the more likely
deglaciation chronology involved a largely latitudinal
movement of the ice margin through either end of Nares
Strait (Fig. 1). This started ca 10:1 14C ka in the north
and 9 14C ka in the south, producing a clear ocean way
by 7:5 14C ka (England, 1999).

Regarding the northern-sector sites, Hall Land
(Fig. 13c) and Nyeboe Land (Fig. 13d), the scaled

maximum models produce reasonable fits with the
observations, although still underestimating the re-
sponse required at ca 8 14C ka: It must also be
remembered that the non-GIS, especially the Innuitian
Ice Sheet, have a significant influence in this area (see
Fig. 6d). Hence, future GIS models will require the local
glacial history to be examined in conjunction with that
of the Canadian Arctic (e.g. Dyke, 1999).

7. The first-order Greenland ice model—GREEN1

A first-order model for the GIS has been produced in
an interactive process, based on the analysis described in
Section 6. The first step involves defining for each sector
the preliminary model that results in the lowest s2 after
scaling (Table 2). We find that the 14 14C ka start-of-
deglaciation results in the smallest variances, with the
scaled MIN2 model best reproducing the sea-level
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Abstract

Geomorphological descriptions of changes in the extent of the Greenland Ice Sheet (GIS) have been combined with glacial-
isostatic-adjustment models to reproduce the sea-level history of Greenland since the Last Glacial Maximum (LGM). The
contribution to past sea-level change around Greenland due to ice-load changes outside of that region has been considerable (7 10’s
of meters), while still contributing a rise of several mm yr!1 today. The isostatic contribution to relative sea level around Greenland
from changes in the GIS is found by iteratively perturbing preliminary ice models with different LGM extents and deglaciation
starting times. The resulting first-order model that provides the best agreement between observed and predicted sea level contributes
3.1 and 1:9 m water-equivalent of additional ice relative to present-day ice volumes at the LGM and Younger Dryas, respectively.
The GIS in most areas does not appear to have extended far onto the continental shelf, the exceptions being southern-most
Southwest Greenland and northern East Greenland, as well as at the coalescence of the Northwest Greenland and Innuitian Ice
Sheets. Changes in ice thickness since the LGM were > 500 m along the present-day outer coast and > 1500 m along some parts of
the present-day ice margin. The observed mid- to late-Holocene fall in sea level to below the present-day level and the subsequent
transgression seen in some areas implies that the GIS retreated behind the present-day margin by distances of the order of 40 km
before readvancing.
r 2003 Elsevier Ltd. All rights reserved.

1. Introduction

A consequence of the deglaciation of the expanded
continental ice sheets after the Last Glacial Maximum
(LGM, ca 18 ka BP in the radiocarbon ð14CÞ timescale,
21 ka BP in the calendar (cal) timescale) is the vertical
rebound of the formerly ice-covered parts of the Earth’s
surface. This resulted in the numerous raised shorelines
that are observed within such areas, for example Arctic
Canada, Scandinavia and the region of interest to this
paper, Greenland. The Greenland Ice Sheet (GIS) was
substantially larger during the LGM, as evident by the
just mentioned raised shorelines as well as by recessional
moraines. Studies of the ice-sheet and sea-level history
of Greenland since the LGM include those dealing with
the GIS itself (e.g. Ten Brink and Weidick, 1974; Kelly,
1980; Ing !olfsson et al., 1994; van Tatenhove et al., 1996;
Zreda et al., 1999; Bennike and Bj .orck, 2002), local sea-

level change, especially during the Holocene (e.g. Rasch
and Jensen, 1997; Hjort, 1997; Long et al., 1999;
Bennike and Weidick, 2001) and assessments of the
isostatic contribution to sea-level change (e.g. Kelly,
1973; Ten Brink, 1974; Weidick, 1996; Bennike et al.,
2002; Tarasov and Peltier, 2002).

In this paper we use observations of relative sea-level
change and predictions from realistic glacial-isostatic-
adjustment (GIA) models to place constraints on the
primary characteristics of the GIS’s past behaviour; its
extent during the LGM, the timing of deglaciation and
the spatial changes in ice thickness. Such a methodology
for resolving glacial histories is well established (e.g.
Peltier and Andrews, 1976; Lambeck et al., 1990) and is
particularly important where geomorphological con-
straints on the ice sheet are limited, as in the Barents-
Kara Seas (e.g. Lambeck, 1995).

The interest in resolving the history of the GIS is two
fold. Firstly, the GIS is the sole northern hemisphere ice
sheet to have survived the Last Glacial-Interglacial
Transition (LGIT), despite being in a region of vigorous
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