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Limits in detecting acceleration of ice sheet mass
loss due to climate variability
B.Wouters1,2*, J. L. Bamber1, M. R. van den Broeke3, J. T. M. Lenaerts3 and I. Sasgen4

The Greenland and Antarctic ice sheets have been reported
to be losing mass at accelerating rates1,2. If sustained, this
accelerating mass loss will result in a global mean sea-level
rise by the year 2100 that is approximately 43 cm greater
than if a linear trend is assumed2. However, at present
there is no scientific consensus on whether these reported
accelerations result from variability inherent to the ice-sheet–
climate system, or reflect long-term changes and thus permit
extrapolation to the future3. Here we comparemass loss trends
and accelerations in satellite data collected between January
2003 and September 2012 from the Gravity Recovery and
Climate Experiment to long-term mass balance time series
from a regional surface mass balance model forced by re-
analysis data. We find that the record length of spaceborne
gravity observations is too short at present to meaningfully
separate long-term accelerations from short-term ice sheet
variability. We also find that the detection threshold of mass
loss acceleration depends on record length: to detect an
acceleration at an accuracy within ±10Gt yr�2, a period of 10
years or more of observations is required for Antarctica and
about 20 years for Greenland. Therefore, climate variability
adds uncertainty to extrapolations of future mass loss and
sea-level rise, underscoring the need for continuous long-term
satellite monitoring.

Understanding and predicting recent and future sea-level rise
(SLR) is a major challenge in present-day geophysical research. As
the costs of adaptation scale nonlinearly with the rate of SLR (ref. 4),
a cost-effective response by society requires accurate estimates of
future SLR and, perhaps evenmore important for decision-making,
the associated uncertainties.

The ice sheets of Antarctica (AIS) and Greenland (GrIS) are
expected to contribute to SLR in a warming climate5. Ice sheet mass
balance may change through variations in surface mass balance
(SMB: accumulation minus ablation at the surface) or through
changes in the ice discharge from marine-terminating glaciers6.
Owing to the inability of current ice sheet models to incorporate all
processes governing ice loss—in particular the complex dynamical
changes of the marginal glaciers7 and the forcing at marine
margins—the contribution of the GrIS and AIS to twenty-first-
century SLR remains highly uncertain3. An alternative is to base
near-future SLR projections on extrapolation of recent observed
changes in the mass balance of the ice sheets, for example refs 2,
5,8,9. For example, Meier et al.8 extrapolated observed trends and
accelerations in ice sheet mass loss to provide an upper (continued
acceleration) and lower (sustained trend only) range for future SLR.

Recent studies point towards an increasing ice-mass loss of both
ice sheets, raising the concern that earlier projections based on
extrapolation of their observed present-day SLR contribution may
underestimate future SLR. Based on data from the Gravity Recovery
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and Climate Experiment (GRACE) satellites, Rignot et al.2 reported
an acceleration of �13.2±10Gt yr�2 (AIS) and �17.0±8Gt yr�2

(GrIS), respectively, for April 2002–June 2010. These numbers
are about 50% smaller than the earlier GRACE-derived values of
Velicogna1 who used only one year less of observations, indicating
that the results depend strongly on the record length. In Rig-
not et al.2, a longer time series based on the mass budget approach
(modelled SMB minus estimated solid ice discharge) shows a
slightly stronger acceleration for 1992–2009 (�14.5±2Gt yr�2 and
�21.9± 1Gt yr�2 for Antarctica and Greenland, respectively) but
is consistent with the GRACE time series over the overlapping
period. Based on the assumption that these rates continue, the
authors conclude that the ice sheets will be the largest contributors
to twenty-first-century SLR, adding 56 cm SLR by 2100 and thereby
exceeding the projections reported in the Intergovernmental Panel
onClimate Change fourth assessment report5 (IPCCAR4).

Ice sheets are affected by processes with different timescales,
such as daily variations in incoming radiation, short-lived storm
events affecting precipitation, but also low-frequency atmospheric
(for example theNorthAtlanticOscillation10, the ElNiño–Southern
Oscillation11, the Southern Annular Mode12) and oceanic (for
example, changes in ocean circulation leading to intrusion of warm
subsurface water into glacier fjords13,14) fluctuations. Examples of
processes with amore secular character are anthropogenic warming
and variations in the Earth’s orbital cycle. The ice sheets act
as an integrator of these forcings and, as a consequence, their
mass balance contains both a stochastic and secular component.
This stochastic component (ice sheet ‘weather’) can be of large
amplitude. SMB models show interannual variability of more than
100Gt yr�1 (1� ) for both ice sheets, with year-to-year variations of
several hundred gigatonnes per year (Fig. 1b).

Such strong stochastic variability can temporarily subdue or
amplify any underlying secular signal. Even for an ice sheet
in a hypothetical long-term stable state, apparent trends and
accelerations—positive or negative—may be observed over decadal
intervals (for example, 10–15 yr), which would average out when
longer periods are considered. Although the recent observations
show an increasingly negative mass balance for both ice sheets, the
scientific community has not reached a consensus on whether this
is owing to variability (‘noise’) in the ice-sheet–climate system or
reflects a secular signal3. This complicates the extrapolation of short
observation intervals, because extrapolation explicitly assumes that
the observations represent a trend. The question that then arises
is, to what extent does stochastic ice sheet weather contribute to
the observed imbalances and how long do the ice sheets need to be
observed to reduce its impact to an acceptable level?

We illustrate the effect of ice sheet weather in Fig. 1c–d, showing
the observed mass trends and accelerations for both ice sheets
as a function of record length. Observations are taken from the

NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience 1
© 2013 Macmillan Publishers Limited.  All rights reserved. 

http://www.nature.com/doifinder/10.1038/ngeo1874
mailto:bert.wouters@bristol.ac.uk
http://www.nature.com/naturegeoscience


LETTERS

NATURE GEOSCIENCE DOI: 10.1038/NGEO1874

2004 2006 2008 2010 2012

¬2,000

¬1,000

0

1,000

b

d

Year Year

M
as

s 
an

om
al

y 
(G

t)

Greenland
Antarctica

Greenland
Antarctica

1,500

1,600

1,700

1,800

1,900

2,000

2,100

2,200

0

100

200

300

400

500

600

700

1960 1970 1980 1990 2000 2010

A
ntarctic SM

B (G
t yr ¬

1)

G
re

en
la

nd
 S

M
B 

(G
t y

r¬
1 )

2 3 4 5 6 7 8 9
¬300

¬250

¬200

¬150

¬100

¬50

0

Observation length (yr)

T
re

nd
 (

G
t y

r¬
1 )

2 3 4 5 6 7 8 9
¬150

¬100

¬50

0

50

100

150

Observation length (yr)

A
cc

el
er

at
io

n 
(G

t y
r¬

2 )

¬30

¬15

8 9

a

c

Figure 1 | Recent mass changes of the Greenland and Antarctic ice sheets. a, Mass anomalies observed by GRACE (January 2003–September 2012) for
Greenland (red) and Antarctica (blue; arbitrarily vertically shifted for clarity). b, RACMO2 SMB, illustrating interannual variability (note the different scale
for Antarctica). c, Estimated trend in the GRACE time series as function of record length since the start of the observations. For example, at x= 6, trends in
the six-year window for January 2003–December 2008 are shown for Greenland (red) and Antarctica (blue). d, As in c, but for accelerations; for
explanation on error bars (95% range), see Supplementary Information. SMB, surface mass balance.

GRACE mission, which provides monthly estimates of the ice
sheets’ mass balance. For January 2003–September 2012, or 9.6 yr
of observations, both the GrIS and AIS show statistically significant
mass loss (�249± 20 and �112± 23Gt yr�1, respectively). In the
first few years, the trends strongly depend on the number of years
used in the estimation, especially in Antarctica, but as the mission
length increases they grow increasingly more negative, while
becoming less variable. This is only partly true for the estimated
accelerations (�25± 9Gt yr�2 (GrIS) and �21± 13Gt yr�2 (AIS)
for 2003–2012), as they are the first derivative of the trends and
thus even more prone to noise. Even with eight to nine years of
GRACE observations, extending or shortening the observations by
only one year changes the estimated acceleration by 5–10Gt yr�2

(which would translate to a projected SLR change of approximately
6–11 cm by 2100) for each ice sheet. Clearly, when trends and
accelerations are extrapolated from too short an observation
interval, ignoring the effects of internal ice sheet variability will
compromise the resulting near-future SLR projections.

We address the uncertainty introduced in SLR projections by
this climate noise by using reconstructed long-term ice sheet mass
balance estimates. For both ice sheets, SMB is taken from the
high-resolution Regional Atmospheric Climate Model (RACMO2,
see Supplementary Information). As atmospheric re-analysis data
before 1979 are too low quality to force the RACMO2 model
for Antarctica, we first focus on the GrIS where a longer time
series (1958–present) is available and later expand our analysis to

Antarctica. As no long-term ice-discharge rates are available, the
contribution of this component to the total mass budget is esti-
mated from an empirical relation between runoff and ice discharge,
based on the assumption that changes in ice discharge of tidewater
glaciers are linked directly and indirectly to surface processes over
multiannual timescales, for example, through hydrofracturing15,
subglacial meltwater discharge16 and so on (see Supplementary
Information). Data past 1995 are excluded, which is a compromise
between obtaining a time series as long as possible and excluding
the recent years for which the trends and accelerations of which
we want to assess the long-term significance occur. We assess the
uncertainty introduced by stochastic ice sheet variability in an
empirical Monte Carlo experiment by subsampling the total mass
balance time series in shorter intervals, where we assume that these
pseudo-observations could have started at any point in the time
series. By sorting all deviations of the trends and accelerations in
these intervals from their long-term value, and taking the 95th
percentile of the range of these deviations, the uncertainty owing
to stochastic ice sheet variability as a function of observation length
can be deduced (see Supplementary Information).

The results in Fig. 2a show that all recently reported trends
for the GrIS exceed the expected range of stochastic variability.
This applies to estimates based on GRACE gravimetry1,2, ICESat
altimetry17, the mass budget method2 and the recent IMBIE
multiplatform approach18. The role of ice sheet variability is
relatively marginal, with an amplitude of±58 and±25Gt yr�1 for a
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Figure 2 | Trend and acceleration uncertainty for Greenland.
a, Uncertainty (95% range, blue area) in mass trend estimates due to
stochastic ice sheet variability in SMB and ice discharge as function of
observation length for the GrIS. Trends reported here and in a selected
number of recent studies are shown as well. b, As in a, but for the
accelerations. SLR, sea-level rise.

9 yr (here) and 18–19 yr (refs 2,18) observation length, respectively,
equivalent to an uncertainty of only ±0.6 and ±0.3 cm in SLR
when extrapolated to 2050 (SLR2050, using 2012 as baseline).
However, our results indicate that the small negative GrIS mass
loss in the mid-1990s (ref. 17) was well within the range of
ice sheet weather variability. When considering the accelerations
(Fig. 2b), a very different picture emerges: none of the accelerations
reported inGRACE-based studies exceed the 95% range of expected
accelerations due to natural ice sheet variability (±33Gt yr�2),
whichmainly originates from the SMB component (Supplementary
Fig. S4). The resulting uncertainty in SLR2050 translates to ±7 cm,
which is substantial compared with the 7–20 cm range of projected
SLR2050 in AR45. The range of variability reduces exponentially as
the length of the observations increases, but even with 18 yr of
observations available2,18, stochastic ice sheet variations still lead to
a±10Gt yr�2 uncertainty, or±2 cm SLR2050.

For Antarctica, no strong relationship between ice discharge
and SMB, or one of its components, has been reported so far
and long-term ice-discharge observations are not available. Our
estimates for Antarctica are therefore necessarily based on the
variability of SMB only. Most of the observed AIS mass imbalance
has been attributed to increase in ice discharge2. However, here,
the relative contribution of discharge and SMB to interannual
variability matters most, because this determines the detection time
for a secular trend or acceleration to stand out from the background
noise. Interannual variability in AIS SMB ismuch larger than that of
discharge, which has increased smoothly over the past two decades2.

M
as

s 
lo

ss
 (

G
t y

r¬
1 )

0

100

200

300

0

10

20

30
A

dditional SLR in 20
50

 (m
m

)

Ref. 1
(GRACE,

2002¬2009)

Ref. 2
(GRACE, 2002¬2010)

Ref. 2
(Mass budget,

1992¬2009)

IMBIE, 2012
(Combined

estimate,
1992¬2011)

This study,
(GRACE, 2003¬2012)

5 10 15 20

Observation length (yr)

5 10 15 20

Observation length (yr)

M
as

s 
lo

ss
 a

cc
el

er
at

io
n 

(G
t y

r¬
2 )

0

20

40

60

80

0

 40

 80

120

160

A
dditional SLR in 20

50
 (m

m
)

Ref. 1
(GRACE,

2002¬2009)

Ref. 2
(GRACE, 2002¬2010)

Ref. 2
(Mass budget,

1992¬2009)

This study,
(GRACE, 2003¬2012)

a

b

Figure 3 | Trend and acceleration uncertainty for Antarctica.
a, Uncertainty (95% range, blue area) in mass trend estimates due to
stochastic ice sheet variability as function of observation length for the AIS.
These uncertainties are based on the contribution of SMB only. Trends
reported here and in a selected number of recent studies are shown as well.
b, As in a, but for the accelerations.

This implies that the detection of long-term changes is mostly
affected by SMB and that dynamic discharge plays a secondary role
(see Supplementary Information). As the available SMB time series
is relatively short (1979–present), we do not employ the empirical
method as for the GrIS, but revert to a statistical approach based
on an autoregressive model (see Supplementary Information). As
a validation, we applied the statistical method to the GrIS data
and obtained results very similar to the empirical Monte Carlo
approach (see Supplementary Fig. S3). The AIS results (Fig. 3)
are similar to those found for the GrIS: trends are significantly
different from the range of stochastic variability. The uncertainty
decays much faster than for the GrIS—reflecting less variability in
the AIS system—and becomes negligible for observations longer
than 15 yr. Again, for the accelerations, none of the recent GRACE
estimates lie significantly outside the band of stochastic variability
(approximately ±15Gt yr�2 or ±3.0 cm SLR2050 uncertainty after
nine years of observations). The available observations of the past
decades suggest that the contribution of discharge variability is
small on these timescales (Supplementary Fig. S5). After 18 yr of
observations, the mass balance results are only slightly affected by
ice sheet weather (±2.0Gt yr�2, or±0.4 cmSLR2050 uncertainty).

Our results show that stochastic ice sheet variability can
strongly affect estimates of mass loss trends and, in particular,
accelerations. Although the GRACE mass anomalies can be fitted
to a quadratic expression from a purely statistical point of view1,
the time series available at present are too short to meaningfully
separate the observed accelerations from ice sheet weather. A period
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of approximately 20 yr is required to detect an acceleration of
±10Gt yr�2 for Greenland, underscoring the need for continuous
satellite monitoring. The detection time for the Antarctic is lower
(10 yr), but these estimates are based on 15 yr of only SMB data and
no dynamic discharge component, so that, most likely, they should
be considered as a lower bound. Accelerations estimated from the
longermass balance series of Rignot et al.2 aremore robust, yet, nat-
ural ice sheet variability still can substantially offset secular changes
and thus bias future SLR projections, either up- or downward.

Methods
GRACE data. We used the monthly spherical harmonics solutions (CSR RL05
for January 2003–September 2012) distributed by the GRACE processing centres,
which are publicly available (ftp://podaac-ftp.jpl.nasa.gov/). Before processing,
degree-1 spherical harmonics were added and the C20 coefficients were replaced by
satellite laser ranging values. To retrieve the mass changes for both ice sheets, we
applied the approach of fitting predefined mass anomaly patterns to the GRACE
data, as used in previous work19,20. A correction for glacial isostatic adjustment is
applied to the data20,21, which has no effect on the acceleration term. The error bars
of the monthly solutions (Fig. 1a; all our error bars represent the 95% confidence
interval) are based on the standard deviation of the high-frequency signal in the
data22. Trends and accelerations were obtained from a least-square fit to the time
series with a correction for the seasonal cycle and tidal aliasing. Error bars of the
GRACE trends and accelerations are based on the propagation of the monthly
GRACE error estimates, the differences in the trends and accelerations in the three
official GRACE releases (Center for Space Research, GeoForschungsZentrum and
Jet Propulsion Laboratory), the glacial isostatic adjustment uncertainty, the formal
error of the least-square fit and aliasing of ocean tides.

RACMO2 data. SMB data for both ice sheets were obtained from RACMO2
(ref. 23), a regional climate model forced by atmospheric re-analysis data. It
was run at high horizontal resolution, at ⇠11 km for Greenland24 and ⇠27 km
for Antarctica25, to resolve the large spatial gradients in accumulation in the
coastal zones of the ice sheets. Atmospheric re-analysis data were available for
1958–2011 for GrIS and 1979–2011 for AIS. The first few years of data were
excluded to minimize model spin-up effects. The model output has been validated
against both in situ24,25 and remote sensing data2,6 in earlier studies, showing good
agreement with observations.

Effect of ice sheet variability on trends and accelerations. For the GrIS, an
empirical Monte Carlo method was used to estimate the effect of the stochastic ice
sheet variability on the trends and accelerations (as shown in Figs 2 and 3). For a
record length of a certain number of years, trends and accelerations were estimated
for all available observation windows within the modelled mass balance time series
(here, SMB combined with an empirical estimate of the discharge component,
based on five-year trailing moving averages of ice sheet runoff). The deviations
from the long-term trend/acceleration were computed, the resulting numbers were
sorted and the 95th percentile determined. This procedure was repeated for record
lengths of 2–20 yr. For the AIS, the time series (SMB only) is too short to obtain
robust results from the Monte Carlo methods. We used a statistical approach that
models the data as an n th-order autoregressive process. For Greenland, the results
of the empirical Monte Carlo method and the statistical approach compare well
(see Supplementary Information and Supplementary Fig. S3). The optimal number
of parameters was estimated using the Bayesian Information Criterion26. From this
model, the uncertainty in trend and acceleration estimates as a function of observa-
tion length can be directly estimated using generalized least-square theory27,28. Full
details on all data andmethods can be found in the Supplementary Information.

Received 26 July 2012; accepted 5 June 2013; published online

14 July 2013

References
1. Velicogna, I. Increasing rates of ice mass loss from the Greenland and Antarctic

ice sheets revealed by GRACE. Geophys. Res. Lett. 36, L19503 (2009).
2. Rignot, E., Velicogna, I., van den Broeke, M. R., Monaghan, A. & Lenaerts, J.

Acceleration of the contribution of the Greenland and Antarctic ice sheets to
sea level rise. Geophys. Res. Lett. 38, L05503 (2011).

3. Bamber, J. L. & Aspinall, W. P. An expert judgement assessment of future sea
level rise from the ice sheets. Nature Clim. Change 3, 424–427 (2013).

4. Anthoff, D., Nicholls, R. & Tol, R. S. The economic impact of substantial
sea-level rise.Mitig. Adapt. Strategies Glob. 15, 321–335 (2010).

5. Meehl, G. et al. Climate Change 2007: The Physical Science Basis (Cambridge
Univ. Press, 2007).

6. Van den Broeke, M. et al. Partitioning recent greenland mass loss. Science 326,
984–986 (2009).

7. Moon, T., Joughin, I., Smith, B. & Howat, I. 21st-century evolution of
greenland outlet glacier velocities. Science 336, 576–578 (2012).

8. Meier, M. F. et al. Glaciers dominate eustatic sea-level rise in the 21st century.
Science 317, 1064–1067 (2007).

9. Hu, A., Meehl, G., Han, W. & Yin, J. Effect of the potential melting of the
Greenland Ice Sheet on the meridional overturning circulation and global
climate in the future. Deep-Sea Res. Pt. II 58, 1914–1926 (2011).

10. Hanna, E. et al. Greenland Ice Sheet surface mass balance 1870 to 2010 based
on Twentieth Century Reanalysis, and links with global climate forcing.
J. Geophys. Res. 116, D24121 (2011).

11. Sasgen, I., Dobslaw, H., Martinec, Z. & Thomas, M. Satellite gravimetry
observation of Antarctic snow accumulation related to ENSO. Earth Planet.
Sci. Lett. 299, 352–358 (2010).

12. Van den Broeke, M. & Lipzig, N. P. M. Changes in Antarctic temperature,
wind and precipitation in response to the Antarctic Oscillation. Ann. Glaciol.
39, 119–126 (2004).

13. Holland, D., Thomas, R., de Young, B., Ribergaard, M. & Lyberth, B.
Acceleration of Jakobshavn Isbrae triggered by warm subsurface ocean waters.
Nature Geosci. 1, 659–664 (2008).

14. Hanna, E. et al. Hydrologic response of the Greenland ice sheet: The role of
oceanographic warming. Hydrol. Processes 23, 7–30 (2009).

15. Sohn, H-G., Jezek, K. C. & van der Veen, C. J. Jakobshavn Glacier, west
Greenland: 30 years of spaceborne observations. Geophys. Res. Lett. 25,
2699–2702 (1998).

16. Straneo, F. et al. Impact of fjord dynamics and glacial runoff on the circulation
near Helheim Glacier. Nature Geosci. 4, 322–327 (2011).

17. Zwally, H. J. et al. Greenland ice sheet mass balance: Distribution of increased
mass loss with climate warming; 2003–07 versus 1992–2002. J. Glaciol. 57,
88–102 (2011).

18. Shepherd, A. et al. A reconciled estimate of ice-sheet mass balance. Science 338,
1183–1189 (2012).

19. Wouters, B., Chambers, D. & Schrama, E. GRACE observes small-scale mass
loss in Greenland. Geophys. Res. Lett. 35, L20501 (2008).

20. Sasgen, I. et al. Antarctic ice-mass balance 2002 to 2011: Regional re-analysis
of GRACE satellite gravimetry measurements with improved estimate of
glacial-isostatic adjustment. Cryosphere Discuss. 6, 3703–3732 (2012).

21. A, G., Wahr, J. & Zhong, S. Computations of the viscoelastic response of a
3-D compressible Earth to surface loading: An application to Glacial Isostatic
Adjustment in Antarctica and Canada. Geophys. J. Int. 192, 557–572 (2013).

22. Wahr, J., Swenson, S. & Velicogna, I. Accuracy of GRACE mass estimates.
Geophys. Res. Lett. 33, L06401 (2006).

23. Van Meijgaard, E. et al. The KNMI Regional Atmospheric Climate Model
RACMO Version 2.1 Tech. Rep., KNMI, De Bilt, The Netherlands (Koninklijk
Nederlands Meteorologisch Instituut, 2008).

24. Ettema, J. et al. Higher surface mass balance of the Greenland ice sheet revealed
by high-resolution climate modeling. Geophys. Res. Lett. 36, L12501 (2009).

25. Lenaerts, J. T. M., van den Broeke, M. R., van de Berg, W. J., van Meijgaard,
E. & Kuipers Munneke, P. A new, high-resolution surface mass balance map
of Antarctica (1979–2010) based on regional atmospheric climate modeling.
Geophys. Res. Lett. 39, L04501 (2012).

26. Schwarz, G. Estimating the dimension of a model.Ann. Stat. 6, 461–464 (1978).
27. Emmert, J. T. & Picone, J. M. Statistical uncertainty of 1967–2005

thermospheric density trends derived from orbital drag. J. Geophys. Res.
116, A00H09 (2011).

28. Weatherhead, E. C. et al. Factors affecting the detection of trends: Statistical
considerations and applications to environmental data. J. Geophys. Res. 103,
17149–17161 (1998).

Acknowledgements
The GRACE processing centres are acknowledged for processing and sharing the
GRACE data. We thank G. A, R. Riva and P. Stocchi for providing glacial isostatic
adjustment models and E. Rignot for the Greenland ice discharge data. B.W. is financially
supported by a Marie Curie International Outgoing Fellowship within the 7th European
Community Framework Programme (FP7-PEOPLE-2011-IOF-301260). I.S. would like
to acknowledge support from the German Research Foundation (DFG) through grant SA
1734/2-2. J.L.B. was supported by NERC grant NE/I027401/1.

Author contributions
B.W. developed the idea andmethodology and wrote the article. I.S. provided the GRACE
data for Antarctica, J.T.M.L. and M.R.v.d.B. provided the SMB data and J.L.B. developed
the methodology to calculate the ice discharge. All authors discussed and commented on
the manuscript and methodology.

Additional information
Supplementary information is available in the online version of the paper. Reprints and
permissions information is available online at www.nature.com/reprints. Correspondence
and requests for materials should be addressed to B.W.

Competing financial interests
The authors declare no competing financial interests.

4 NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience

© 2013 Macmillan Publishers Limited.  All rights reserved. 

http://www.nature.com/doifinder/10.1038/ngeo1874
ftp://podaac-ftp.jpl.nasa.gov/
http://www.nature.com/doifinder/10.1038/ngeo1874
http://www.nature.com/reprints
http://www.nature.com/naturegeoscience

	Limits in detecting acceleration of ice sheet mass loss due to climate variability
	Methods
	GRACE data.
	RACMO2 data.
	Effect of ice sheet variability on trends and accelerations.

	Figure 1 Recent mass changes of the Greenland and Antarctic ice sheets.
	Figure 2 Trend and acceleration uncertainty for Greenland.
	Figure 3 Trend and acceleration uncertainty for Antarctica.
	References
	Acknowledgements
	Author contributions
	Additional information
	Competing financial interests

