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Abstract. Results from a regional climate simulation (1970— On the one hand, GrIS mass balance changes appear to have
2006) over the Greenland ice sheet (GrIS) reveals that moreontributed several metres to some of the sea-level fluctua-
than 97% of the interannual variability of the modelled Sur- tions since the last interglacial period known as the Eemian,
face Mass Balance (SMB) can be explained by the GriS125Kyr BP Cuffey and Marsha]l2000 and are expected to
summer temperature anomaly and the GrIS annual precipeontribute to sea-level rise under the projected future global
itation anomaly. This multiple regression is then used towarming throughout this centurifeehl et al, 2007). On the
empirically estimate the GrlS SMB since 1900 from clima- other hand, increases in the freshwater flux from the Green-
tological time series. The projected SMB changes in theland ice sheet (run-off of the surface melt water, basal melt-
21st century are investigated with the set of simulations pering and glacier discharge) could perturb the THC by reduc-
formed with atmosphere-ocean general circulation modeldng the density contrast driving the thermohaline circulation
(AOGCMs) of the Fourth Assessment Report of the Inter- (Rahmstorf et al.2005. Any weakening of the THC in
governmental Panel on Climate Change (IPCC AR4). Thesegesponse to a surface warming and an increasing freshwa-
estimates show that the high surface mass loss rates of reéer flux induced by global warmingGregory et al. 2005

cent years are not unprecedented in the GrlS history of th&wingedouw et a]2006 would reduce the heat input to the
last hundred years. The minimum SMB rate seems to havéorth Atlantic ocean and subsequently reduce the warming
occurred earlier in the 1930s and corresponds to a zero SMih regions including Europe. The IPCC 4th Assessment Re-
rate. The AOGCMs project that the SMB rate of the 1930sport (IPCC AR4) projected that the Greenland ice sheet is
would be common at the end of 2100. The temperaturdikely to lose mass because the increasing run-off is expected
would be higher than in the 1930s but the increase of accuto exceed the precipitation increase in a warmer climate but
mulation in the 21st century would partly offset the acceler-did not expand on the individual model estimates or mass
ation of surface melt due to the temperature increase. Howbalance componentdgehl et al, 2007).

ever, these assumptions are based on an empirical multiple |, this study, we provide estimates of the GrlS SMB from
regression only validated for recent/current climatic condi- 1900 to 2100 based on a multiple regression model using
tions, and the accuracy and time homogeneity of the datgnomalies of GriS summer temperature (from 1 June to 31
sets and AOGCM results used in these estimations constltutgugust) and from GrlS annual precipitation. A 37-yr (1970
a large uncertainty. 2006) simulation of the GrIS performed by the regional cli-
mate model MAR (Modle Atmosplkrique Fegional) shows
that 97% of the interannual variability of the modelled SMB
1 Introduction is explained by these anomalieBeftweis 2007). Such a
strong correlation is also confirmed by the modeHafhna
Mass balance variations of the GrIS play an important role€t al.(2008 driven by the ECMWF (re)analysis. We use this

in global sea level fluctuations and oceanic THC changesfelation to empirically estimate the GrlS SMB since 1900
until now from climatological time series and analyses. The

_ 21st century is investigated with results from the AOGCMs
Correspondence toX. Fettweis used in the IPCC AR4Randall et al.2007. Section 2 ex-
BY (xavier.fettweis@ulg.ac.be) plains in detail both the method and data used. Estimates of
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Fig. 1. Left: spatial autocorrelation of th@) JJA 3 m-temperature ar(d) annual precipitation simulated by MAR over the period 1970—

1999. The spatial autocorrelation is defined as the correlation between time series of the average ice-sheet summer temperature and annu
total ice-sheet precipitation with the respective temperature/precipitation values for each grid point. Right: the correlation between the time
series of the MAR-simulated GrIS SMB arfd) JJA 3 m-temperature and) annual precipitation at each grid location. Minimum and
maximum values are indicated as well as the ice sheet average and the standard deviation. Finally, this figure shows the regions quoted in th
text. Region 1: 55W<longitude<45° W and 63 N<latitude<73° N. Region 2: 58 W<longitude<30° W and 6% N<latitude<75° N.

near past and future GrIS SMB rates are presented in Sect. tdme series and the outputs from analyses and the AOGCMs

and Sect. 4, respectively. Section 5 contains a discussion afsed in the IPCC AR4. The 30-yr reference period (1970—

the results. 1999) is chosen because it covers most of the available data
sets and model results used in this study.

2  Method Figurel shows where the regional variability of the MAR
3 m-temperature and precipitation best captures the variabil-

To a first approximation, the GrIlS SMB variability ity of the MAR SMB of the GrIS. With the aim of apply-
(ASMBgps) is driven by the GrIS annual precipitation ing this multiple regression to other data sets (at low res-
anomaly (A Pyy) minus the GrlS meltwater run-off rate vari- olution and without an ice sheet/land mask), we delimited
ability. According toBox et al.(2004 andFettweis(2007), regions in latitude/longitude on the GrIS where the variabil-
the run-off rate variability can be approximated by the GrlIS ity of precipitation and temperature will be captured to es-
summer (from 1 June to 31 August) 3 m-temperatur &) timate the SMB following Eq. (1). These regions (called
to give this multiple regression: Region 1 and Region 2 hereafter) are different for temper-
ature and precipitation, and are plotted in Fijand2. The
ASMBgris ~ aATjja + bA Py @ west coas? of tEe GrIS was choF;en to take[gthe temperature
wherea andb are constant parameters. These parameters ar@anomalies (Region 1) because the correlation with the SMB
determined by solving the multiple regression equation usingime series is the highest (see Figand 2) in this region.
the simulated GrlS SMB anomaly time series and both JJAFurthermore, there are a lot of Danish Meteorological Insti-
temperature and annual precipitation anomaly time series. tute (DMI) weather stations along the west coast on which

By using de-trended results simulated by MAR, a correla-the datasets (CRU, GHCN,...) are based. The Region 2
tion coefficient of 0.97 is obtained between the simulated andor precipitation anomaly is centred on the Summit where
estimated GrIS SMB anomaly from Eq. (1) over the period the spatial autocorrelation is the highest. The boundaries
1970-1999. The root mean square error (RMSE) representsf these regions are chosen to have higher correlations be-
25% of the GrIS SMB anomaly standard deviation. Such atween the GrlS SMB modelled by MAR and the SMB esti-
correlation motivated us to use this equation to extend the esmated by temperature/precipitation anomalies simulated by
timate of the SMB variability with the help of climatological MAR model (following Fig.1) as well as anomalies from all

The Cryosphere, 2, 11729, 2008 www.the-cryosphere.net/2/117/2008/
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Table 1. Five climatological data sets used in this paper to estimate the GrIS SMB.

Abbreviation Name Period Resolution Web site Reference

CRU Climate Research Unit TS 2.1 1901-2002 °0.5 http://www.cru.uea.ac.uk Mitchell and Jone$2005
ECMWF ECMWEF (Re)-Analysis 1958-2006 1.125 http://www.ecmwf.int Uppala et al(2009
GHCN Global Histo. Climato. Network 2 1900-2006 ° 5 http://lwf.ncdc.noaa.gov/ Peterson and Vogd997)
NCEP NCEP/NCAR Reanalysis 1 1948-2006~2° http://www.cdc.noaa.gov/cdc/data.ncep.reanalysis.html Kalnay et al (1999
UDEL Arctic Land-Surface TS 1.01 1930-2000 9.5 http://climate.geog.udel.edutlimate/htmlpages/download.html#aempts2
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Fig. 2. Correlation between the time series of the MAR (resp. Hanna08) simulated GrIS SMB and the summer 3 m-temperature and annual
precipitation from the ECMWF (resp. NCEP/NCAR) reanalysis at each grid location over 1970-1999.
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Table 2. Correlation coefficient between the de-trended annual temperature (resp. precipitation) anomaly averaged over Region 1 (resp. Re-
gion 2) from the different data sets and simulated by the MAR model over the reference period (1970-1999). The correlation coefficient
as well as the RMSE (in ki) between the de-trended GrIS SMB modelled by MAR and the SMB estimated by temperature/precipitation
de-trended anomaly time series are also shown. Finally, the parametedd (computed by using de-trended normalized time series) are

listed as well as their ratio and the standard error of these paramaters.

Name AT corr. AP corr. ASMBcorr. RMSE a b k=a/b

CRU 0.79 0.84 0.81 64.6 —-66.6+13 494+13 -1.35(-2.16,—-0.87)
ECMWF 0.92 0.94 0.89 49.2 —-651+10 626+10 —1.04(-1.42 —-0.77)
GHCN 0.83 0.82 0.83 614 -618+12 532+12 -1.16(—1.82 —0.75
NCEP 0.91 0.90 0.89 496 —-751+10 6144+10 -1.22(-1.62 —0.92
UDEL 0.86 0.80 0.83 61.0 —737+12 477+12 -1.65(-2.61, —1.09
MAR 1.0 1.0 0.97 285 —-633+6 648+6 —0.98(-1.18 -0.81)

300

Y S f:ould underestimate the impact of extr_eme warm ever_lts _d_ur-
- MAR estimated SMB - ing the summer and then reduce the interannual variability.
200 ‘ \ After 2001, large discrepancies however occur between the
models. First, in the 2000s, there is a succession of nega-
tive SMB anomalies inducing an acceleration of the melt the
following year due to the albedo feedback and the humid-
ification of the snowpack. These feedbacks could be over-
estimated in the MAR model compared with other models.
In addition, these feedbacks are not taken into account in
the (Polar) MM5 model because the surface model is reini-
tialized every day in MM5. Secondly, different sensitivities
1960 1970 fi‘i?e oo 1990 2000 of the various SMB m0(_jels t(_) several p_rofound changes in
the ECMWF model configuration/resolution used to produce

Fig. 3. The GrIS SMB anomaly simulated by the MAR model and ECMWF operational analyses after 2002 (as opposed to the

estimated with Eq. (1) by using temperature/precipitation anoma-ﬁxe_d model scheme of ERA-4@ppaIa et al.2009 'for the
lies simulated by MAR, derived using a positive degree-day andperiod 1958-2001) could explain the differences in the mod-

run-off/retention model based on ECMWF reanalysanna et al.  els since 2002. The disagreement in the 2000s explains why

(2009 and estimated by using temperature/precipitation anomalywe did not extend the 30-yr reference period (1970-1999) to

from the ECMWEF (re)analysis, and simulated by the Polar MM5 the 2000s.

modelBox et al.(2006. The reference period is 1970-1999 and  Finally, Oerlemans et a[2009 use a similar estimation of

the tempera_ture _and_precipitation anomaly are taken from Region JEq. (1) which is in total agreement with that we have found

and 2 described in Fid. in Eq. (1) by using the MAR simulated time series. Using
the same units a®erlemans et a{2005, we obtain a coef-

. . ficienta of —43.3 mm/K compared with-49 in Oerlemans
data sets used hereafter (see Tahlavhile the choice of the et al. (2009 and a coefficient of 3 mm/% compared with

bour;tdarlgst(;f the;e reglhons does flﬁt&gfnlflc;:]ﬂy |mpa]::t thE.S in Oerlemans et al(2005. If we use the SMB time
results. both regions chosen are theretore the Same 1or ag ies from Hanna08 and the temperature and precipitation

data sets. i anomalies time series in Region 1 and 2 from the ERA-40
A good agreement between the modelling from MAR and .o a1ysis in Eq. (1) a coefficient(resp.b) of —49.4 mm/K

from Hanna et al(2008 (called Hanna08 herfeafter) and the (resp. 3.4mm/%) is found, which fully agrees with those
estimates of the GrlS SMB anomaly by using temperaturé, ;4 py Oerlemans et al2005. These values are also in

(respectively _prec_ipitatio_n) :_;momaly on Region 1 (resp. z)agreement withBox et al.(2008.
can be seen in Fig3. This figure also compares the GrIS

SMB simulated by the Polar MM5 modeB¢x et al, 2006.

The differences between these three models are briefly de3  Surface mass balance in the 20th century

scribed inFettweis(2007). The interannual variability com-

pares well between the models before 2000 while this lasFor each data set listed in Table we computed the pa-
one is higher in the MAR model than in the Hanna08 time se-rametersa and b over the reference period (1970-1999)
ries. The HannaO8 run-off model is forced by monthly meanby using the GrlIS SMB anomaly time series simulated by
atmospheric fields from the ECMWEF (re)analysis which MAR and by HannaO8 in the left part of Eq. (1) and the

100

|
o
S
I

i
|
4 |

Hanna et al. (2008)

Greenland SMB anomaly (km? yr~?!)
b
o
8 o
|

—300
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Table 3. The same as TabRbut by using results simulated by Hanna08 in the left part of Eq. (1).

Name ASMB corr. RMSE a b k=a/b
CRU 0.86 52.3 -568+10 578+10 -0.98(-1.41 —0.68
ECMWF 0.97 261 -555&£5 711+£5 -0.77(-0.91, -0.65
GHCN 0.86 525 -503+11 597+11 -0.84(-1.24, -057)
NCEP 0.96 299 -670+6 712+6 —-0.94(-1.11, -0.8)
UDEL 0.86 522 —-623+£10 531+10 -1.17(-1.69 -0.82

35 f—cxy

;g E — UDEL Reference period

27 GISTEMP
— NCEP

5—years running mean
MA'I‘% e

GrIS JJA Temp. anomaly (°K/yr)

-2.5 T T

T
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Fig. 4. Time series of the GrIS temperature (resp. precipitation) anomaly computed for Region 1 (resp. 2) from the different data sets listed
in Tablel. In red dashed, the time series from GISTEMP (availablgtat//data.giss.nasa.gpvAnomalies are with respect to 1970-1999.
The 5-yr running mean of the averaged anomalies of the available data sets is shown in dashed black.

temperature/precipitation anomaly time series from the data —
set averaged on Region 1/Region 2 in the right part. The
high correlation coefficient{0.8) between the GrlIS SMB
anomaly simulated by MAR (resp. Hanna08) and the one es-
timated by the data sets following Eq. (1) over 1970-1999
(see Table® and 3) motivated us to extend empirically the
SMB anomaly estimation to the whole period covered by the
data sets by using the same previously determined param-
etersa andb. These parameters are computed over 1970—
1999 by using de-trended (i.e. with a zero trend) time series
to minimise the dependence on the reference period and are
applied after that to the whole time series (without correction
of the trend). The anomalies refer then to the period 1970-
1999. In addition, the use of de-trended time series of anoma-
lies to compute the parameterandb rather than time series

of values provides a better homogeneity between the differ-
ent data sets and the MAR (resp. Hanna08) model. Before
continuing, it should be noted that these data set-based SMB
anomaly estimates should be considered with caution.

www.the-cryosphere.net/2/117/2008/

Firstly, these estimates are based on Eq. (1) which does
not fully explain the SMB variability and uses results
from the MAR and Hanna08 models (not direct obser-
vations) for the calibration.

— Secondly, by using constant parametesdb through

the whole period covered by the climatic dataset, we
assume that the dependence of the SMB on the tem-
perature/precipitation anomaly are the same as during
1970-1999. That is why we chose to use de-trended
time series to minimise this impact.

In addition, we assume that the data set is homogeneous
through the whole period, which is not guaranteed as,
for example, in the ECMWF time series after 2002.

We assume also that the variability in Region 1 and 2
remains representative for the whole ice sheet for the
entire period. Furthermore, we implicitly assume that
the same mechanisms that are responsible for the in-
terannual variability can be extended to the long term

The Cryosphere, 2,129-2008


http://data.giss.nasa.gov/

122 X. Fettweis et al.: The 1900-2100 Greenland ice sheet surface mass balance
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Fig. 5. (a) Time series of the estimated GrlS SMB anomaly using the SMB variability simulated by MAR (to determine the parameters
andb in Eqg. (1)) and anomalies from the different data sets listed in Thblace 1900 until 2006. The reference period is 1970-1999 over
which the GrIS SMB simulated by MAR and by Hanna08 is around 35%)?«711. The 5-yr running mean of the ensemble mean is shown
in dashed black(b) The same as (a) but using the Hanna08 results to determine the paranaidisin Eq. (1).

and decadal variability (for the future projections). In mum (resp. maximum) seems to have occurred in 1992 af-
addition, we assume by using a linear equation that aer the Mont Pinatubo eruption (resp. in 1931). The warm
doubling in, for instance, the temperature deviation will summers of recent years (1998, 2003, 2005), associated with
result in a doubling of the melt anomaly. large melt extent areaB¢ttweis et al.2007), seem to be less

. L _ warm than these of the 1930s, as also pointed outdryna
— Finally, there are not many in-situ observations (on éet al.(2007)

which the data sets are based) available over Greenlan

. . Concerning the precipitation time series, the agreement
Such data are collected along the coast by the Damsr};\mong them is less obvious and large disparities occur as

Meteorological Ilnstltute (DMI) We?‘thefr St?'orgﬁ They for example with the NCEP precipitation time series in the
g\rzigogts:lugggé ng;ggz[:r?ega:rgogjr)t aelthousgtﬁ 1950s. In addition, the interannual variability is more sig-
Hanna et alr(2008 show good correépond(’ance between nificant in the GHCN precipitation time series because only

one or two pixels with data are available in Region 2 (Three

DM and SW'.SS. Camp (west flank of GrlS) summer tem'spixels with temperature data are available in Region 1). This
perature variations since 1990. Nevertheless, we can as-

: S . suggests that the precipitation variability in the GHCN time
sume that the interannual variability is less sensitive to__=~ o
series is rather the variability measured by one or two coastal

since the variability along the coast is a good proxy for(le vyeather stati(_)ns. However, the se_zries_ show all a small
the whole GrIS variability according to Figsand?2 negative anomaly in the 1930s and positive in 1970s but these
' anomalies are less significant than the temperature anoma-
Figure 4 plots the time series of anomalies for the dif- lies. Finally, the correlation of the de-trended time series of
ferent datasets from 1900 to 2006. As these datasets arbie data sets with the MAR anomalies is better for tempera-
mainly based on the same in situ observations, the tempeture than for precipitation (see Tal# The precipitation is
ature time series compare very well. All the series unani-more difficult to simulate and to measure (especially snow-
mously show warm periods around 1930, 1950 and 1960 irfall) which might explain these discrepancies.
full agreement with previous studies based on coastal DMI Both simulated and estimated SMB anomalies through the
weather station observationBdx, 2002 Box and Cohen  20th century are plotted on Fi§. The reference period is
2006 Vinther et al, 2006. The rate of warming in 1920— 1970-1999 over which the GrIS SMB simulated by MAR is
1930 is the most spectacular as pointed outQhylek et 352112 kn?yr—! (resp. 348105 kn? yr— for Hanna08).
al. (2009. Finally, Greenland climate was colder around The generally accepted current estimate of the GrlIS SMB
1920 and, in the 1970s and 1980s. The temperature miniis around 300 kriyr—1 which approximately balances the

The Cryosphere, 2, 11729, 2008 www.the-cryosphere.net/2/117/2008/
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Table 4. Twenty-three AOGCMs from the IPCC AR&Ré&ndall et al. 2007 used in this paper. This data comes from the World
Climate Research Programme’s (WCRP’s) Coupled Model Intercomparison Project phase 3 (CMIP3) multi-model dataset available at
http://www-pcmdi.linl.gov/

Model ID Sponsors, Country
BCCR-BCM2.0 Bjerknes Centre for Climate Research, Norway
CCSM3 National Center for Atmospheric Research, USA
CGCM3.1(T47 & T63) Canadian Centre for Climate Modelling and Analysis, Canada
CNRM-CM3 Meéteo-France/Centre National de Recherché&s&drologiques, France
CSIRO-MK3.0 & 3.5 Commonwealth Scientific and Industrial Research
Organisation Atmospheric Research, Australia
ECHAM5-MPI-OM Max Planck Institute for Meteorology, Germany
ECHO-G Meteorological Institute of the University of Bonn, Germany
Meteorological Research Institute of the Korea Meteorological Administration Korea
FGOALS-G1.0 National Key Laboratory of Numerical Modeling for Atmospheric Sciences
and Geophysical Fluid Dynamics /Institute of Atmospheric Physics, China
GFDL-CM2.0& 2.1 US Department of Commerce/National Oceanic and Atmospheric
Administration/Geophysical Fluid Dynamics Laboratory, USA
GISS-AOM National Aeronautics and Space Administration /Goddard Institute for Space Studies, USA
GISS-EH & ER National Aeronautics and Space Administration /Goddard Institute for Space Studies, USA
INM-CM3.0 Institute for Numerical Mathematics, Russia
IPSL-CM4 Institut Pierre Simon Laplace, France
MIROC3.2(hires) & (medres) Center for Climate System Research, National Institute for Environmental
Studies, and Frontier Research Center for Global Change, Japan
MRI-CGCM2.3.2 Meteorological Research Institute, Japan
PCM National Center for Atmospheric Research, USA

UKMO-HadCM3 & HadGEM1 Hadley Centre for Climate Prediction and Research/Met Office, UK

glacier discharge and the basal melting raRedh et al.  ature anomalies. After the 1990s, the GrIS SMB decreases
1999 Fettweis 2007). Tables2 and3 list the ratioa/b, i.e. slowly to reach the negative anomalies of the last few years,

the weight of the temperature variability against the precip-although the summers of the 2000s were not exceptional
itation variability in the SMB variability. This ratio is ob- compared to 70 yr agdhylek et al, 2006.

tained by using normalized (i.e. with a standard deviation of  Finglly, the interannual SMB variability was higher in

1) de-trended temperature/precipitation anomaly time series) 9501990 than in the 1930s and 2000s. During 1960-1990,
On average, this ratio is nearl.0 (~1.5-0.75). The details  negative SMB anomalies were mainly succeeded by positive
of the uncertainty of the ratio/b is explained in the legend  anomalies. By contrast, in the 1930s and 2000s, there is a
of Table 2. Therefore, the thermal factors influence the SMB gy ccession of negative SMB anomalies inducing an acceler-
sensitivity as much as precipitation changes. ation of the melt due to the albedo feedback. A high melt-rate

The set of SMB estimates in Fig agree to give pos- Year decreases the snow pack albedo for the next year if the
itive anomalies around 1920 and in the 1970s and 1980swinter accumulation is not enough to compensate the melt
The maximum, confirmed by all data sets, takes place afluring the next summeFettweis 2007).
the beginning of the 1970s with a SMB anomaly near
+200kn?yr—1 due to a combination of cold summers and
wet years. Over the period 1930-1960 and since the end of )
1990s, the estimated SMB is below the 1970-1999 averaget Change in the future
The absolute minimum occurred around 1930 with a SMB
anomaly near300 kn? yr—1. Secondary (minor) SMB min-  In the following section, we assume that the hypotheses made
ima appear to have occurred in 1950 and 1960, equalling thbefore are still valid in the near future. In that case, AOGCM
surface mass loss rates of the last few years (1998, 2003imulations Randall et al.2007) performed for the 4th as-
2006), although these minima are not confirmed in all datasessment report of the IPCC can be used to project the GrIS
sets. HoweverChylek et al, 2007 found also a maximum SMB anomalies for the 21st century. The projected temper-
melt area at the beginning of the 1930s followed by minor ature/precipitation anomalies (plotted in F&).are based on
maxima in 1950 and 1960. The minimum SMB rates aroundmodel outputs from the “Climate of the Twentieth Century
1930 are due to exceptionally warm summers combined wittExperiment” (20C3M) and from the scenario SRES (Special
dry years inducing SMB rates lower than those currently ob-Report on Emission Scenarios) A1B described\akicen-
served, although the effect of human-induced global warm-ovic et al.(2000. The A1B scenario corresponds to a con-
ing was not perceptible at that time. Around 1950 and 1960¢tinuous increase of the atmospheric £&ncentration dur-
the low SMB rates are mainly explained by positive temper-ing the 21st century to a level of 720 ppm by 2100. The A1B
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Fig. 6. Time series of temperature (resp. precipitation) anomalies projected by AOGCMs listed id.Tahkeanomalies are decadal means,
computed on Region 1 and 2 described previously and refer to the period 1970-1999. The anomalies are based on model outputs from the
“Climate of the Twentieth Century Experiment” (20C3M) and from the scenario SRES A1B. Finally, the median (50%), the 25% and 75%
guartile values among the 24 models and the UKMO-HadCM3 time series are plotted in red, blue and green, respectively.

scenario was chosen because it is a mid-range scenario and 1 1999 1 a
all the IPCC AR4 AOGCMs have outputs for this scenario. =a |55 Z (T; + sz‘)z for k = 3
We deduce the projected SMB changes in the future from i=1970
the IPCC AR4 experiment&@ndall et al.2007) via the fol- = 100 km? yrfl 4)
lowing algorithm:
1. The time series of the JJA temperatufg) taken in Re- which enables the computation@fndb if the param-
gion 1 and the annual precipitatiom)ia taken in Re- eterk is known. Previous results listed in Tab2snd
gion 2 from the 20C3M experiment are de-trended, cen- 3 show a parametdraround—1.0 (-1.5-0.75). Here,
tredi.e. we will computea andb for k fixed at—1.
_ 1 o — 3. For each decade between the 2010s and the 2090s, the
r= 30 Z I=pP=0 (2) mean projected summer temperature (resp. annual pre-
i=1970 cipitation) in Region 1 (resp. Region 2) is retrieved from
and normalized (i.e. with a standard deviation of 1): the SRESAILB scenario. Afterwards, the mean 1970-

1999 temperature (resp. precipitation) from the 20C3M

1 1999 5 1999 5 experiment is subtracted from the projected temperature
29 Z It = 29 Z pt=1 ®3) (resp. precipitation) to compute anomalies which we di-
i=1970 1=1970 vide by the normalisation factor used in Eq. (3) to give
over 1970-1999. The normalisation of tiig and P; this equation:
time series enables to homogenise the AOGCMs results
over 1970-1999.
2. The MAR and Hanna08 results show a standard devia- ASMB = 4 Tsresa1p — Toocam

tion of the GrIS SMB time series around 100%ym—1 stdev(T2oc3p1)
over the period 1970-1999. Thereforekita/b, the
standard deviation of the SMB estimated by the tem-
perature and precipitation time series from the 20C3M
experiment is fixed to be 100 Kgr—1, i.e.

Psgpesaip — P2ocam
stdev(Paoc3m)

®)

By using parameters andb computed in Eqg. (4), we

1999 can then estimate the projected SMB anomaly for each
% Z (aT; +bP;)? decade based on a fixed valuekof
i=1970
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Table 5. Future projections for the 21st century from the ensemble mean of the AOGCMs simulations performed for the IPCC AR4. The
two last lines use simulations made for the SRESA2 experiments against SRESA1B for the other ones. The table shows the median (50%),
and 25% and 75% quartile values among the 24 models.

Decade AT ?P ASMB for §=-0.75 ASMB for {=-1 ASMB for §=-1 ASMB for §=-1.5
in K in % in km3/yr in km3fyr in mm/yr sea level-eq. in kityr

2010-2019 +0.5(+0.3,40.9)  +3 (+0,47) —45(—77~15) _57(-95-35)  +0.16 (+0.1,40.26) —67 (—114~45)

2020-2029 +0.6 (+0.5+1.0)  +3(+2,+49)  —57 (—7339) _75(-101-57)  +0.21 (+0.16,+0.28) —91 (~119-71)

2030-2039 +1.0(+0.7,41.3)  +5 (+2,+14) —78(—107—-41)  —111(-137-75) +0.31(+0.21,+0.38) —137 (-176~91)
2040-2049 +1.4(+0.9,+41.7)  +0 (+5+15) —89(—108~53) —127 (—166~114) +0.35(+0.31,+0.46) —172 (—224138)
2050-2059 +1.6(+1.2,42.0) +8(,+18) —117 (-151-77) —150(-199-134) +0.42 (+0.37,+0.55) —200 (~243-172)
2060-2069 +1.7 (+1.3,42.1) +10(+5,+16) —125(-159-84) —179(~215-139)  +0.5 (+0.38,+0.59) —224 (—277~185)
2070-2079 +2.0 (+1.5,42.6) +13(+9,+19) —130 (-158~110) —203 (—241-162) +0.56 (+0.45,+0.67) —264 (—323208)
20802089 +2.4 (+1.5+2.7) +13(+6,+23) —161 (-202-104) —239 (—-260-187) +0.66 (+0.52,+0.72) —303 (~335-238)
2090-2099 +2.4(+1.7,+2.8) +17(+5,+20) —167 (—210-111) —242(—297-185) +0.67 (+0.51,+0.82) —324 (—371-249)
20802089 +2.6 (+2.3,43.1) +12(+9,+21) —182 (-235-140) —258 (—326-211) +0.71 (+0.59,+0.90) —345 (—421279)
20902099 +3.0 (+2.0,+43.5) +17(+11,+24) —184 (-245-157) —291(~351-236)  +0.81 (+0.65+0.97) —371 (—427—-308)
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Fig. 7. (a) Time series of SMB anomalies projected by AOGCMs listed in Tdliter a/b=—1. The anomalies are decadal means and refer

to 1970-1999 where the mean SMB rate is estimated te 350 krr?/yr. The anomalies are based on model outputs from the “Climate

of the Twentieth Century Experiment” (20C3M) and from the scenario SRES A1B. Finally, the median (50%), the 25% and 75% quartile
values among the 24 models, Eg. (7) and the UKMO-HadCM3 time series are plotted in red, dark blue, light blue and green, respectively.
(b) The same as a) but for the projected GrIS SMB changes expressed in equivalent sea-level rise (in cm). The computation was made by
using an area of a world ocean area of 361 milliorfkm
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200. and 50 N-85" N.). Their projections are +2.8K (+2.1,+3.7)
J L for the JJA temperature and +15% (+12,+20) for the annual
100. B relative precipitation. Their values are the median (50%),

| L and 25% and 75% quartile values among 21 AOGCMs.

The ensemble mean of the 24 models used in the
20C3M experiment (see Tablé) gives a mean surface
JJA temperature (resp. precipitation) efl.2+2.7°C
(resp. 53&157 mm) and a trend 6£0.02 K° yr— (resp. no
significant precipitation change) in Region 1 (resp. Region 2)
over the reference period 1979-1999. These results are in
agreement with observations during 1970-1999, suggesting
that the multimodel average is a reliable estimate for the cur-
rent climate. In a first approach, we decided to use only re-
sults of the ensemble mean for future projections rather than
SRES Scenario AlB those from a single model. Sophisticated weighting of the
o T e oo 2070 2080 various models should be investigated in the future.

The SMB anomaly projection fdt=a/b=—1 as well as
the cumulated sea level rises equivalent are shown in7Fig.
Fig 8 The 20102100 prjced SR aramaly g e 21, 19%0 1 1345, The ower S shomay i e 207
perature/precipitation anomaly simulated by UKMO-HadCM3 for 2~ - )
k=—1. The temperature/precipitation projections from UKMO- This record surface mass loss rate is likely to become com-
HadCM3 are near the ensemble mean and its SMB anomaly proMon at the end of the 21st century. The summer will prob-
jections are at the negative end compared with other models. Th@bly be much warmer than previously observed during the
10-yr running mean is shown in red. 20th century, but a predicted increase of precipitation will

most likely partly offset the SMB decrease associated with
warming. With the SRESA2 experiment, the projected neg-

For validation purposes, this algorithm was first applied ative SMB anomalies are higher. The sea level rise com-
to the ECMWF, NCEP and GHCN time series (1970-1999)ing from the GrlS SMB change should reack@5cm in
by taking a value of-1 for the parametek. The result- 2100, which is in full agreement witlHuybrechts et al.
ing estimated SMB time series agree well with those sim-(2004, Oerlemans et a{2005 andMeehl et al(2007). The
ulated by Hanna08. The correlation coefficient is respec-computation was made by using an area of a world ocean
tively 0.96, 0.97 and 0.86 for a RMSE equals to 32.6, 30.7area of 361 millionkrd. Finally, Table5 and Fig.7 show
and 55.5kmyr—1. These results should be compared with that a warming threshold higher than 2.5K is required for
those listed in Tabl&. An alternative to this algorithm (us- a zero surface mass balance (i.e. a SMB anomaly reaching
ing a fixed value ofk) is to directly infer the parameter —350 kn?/yr in our case), as concluded Byegory and Huy-
and b from the regressions listed in Tab&(in average, brechtg20086.
a~ — 60+£10 andb>~ + 60+10). However, in this case, the However, it should be noted that the MAR model simu-
RMSE with the SMB time series simulated by Hanna08 islates for 2003 and 2006 negative SMB anomalies equiva-
higher. lent to those projected by the AOGCMs on average for the

Figure6 plots the decadal mean of the JJA temperature ancgend of the 21st century. These recent SMB rates are the
relative precipitation changes for all models listed in Table result of low precipitation and very high temperatures (an
While the interdecadal variability is very high (particularly anomaly of about 2K occurred in 2003), suggesting that
for precipitation) and some models are in total disagreemensome AOGCMs could underestimate changes resulting from
with the others, the models are unanimous in projecting ahe global warming over the GrlS. These projections are
JJA temperature increase o2.4°C through the 21st cen- decadal means suggesting that some SMB anomalies could
tury. Changes in precipitation are more model-dependenbe much lower for individual years (see F&).owing to the
than temperature although the multimodel average gives &igh observed interannual variability in the SMB (see B)g.
small increase of precipitation during the 21st century. Theln addition to the uncertainties linked to the models/scenario
relative precipitation change could be estimated to386 and the value of, these projections do not take into account
K~1 in connection with the temperature increase, as foundchanges in ice dynamics and surface topography as described
by Gregory and Huybrech{2006. Table5 summarises the in Gregory and Huybrecht®006. An albedo decrease as
changes projected for the 21st century. These results areell as a decrease of the surface height due to successive
in agreement with the projections of the IPCC ARZh(is- annual negative GrlS mass rates induces an acceleration of
tensen et a).2007) for 2090-2099 (compared with 1980— the melt. In addition to these surface changes, there may be
1999) over a region covering the Greenland (108-10 W changes in glacier discharge (e.g. from melt-induced outlet

—100.

—200.

SMB anomaly (km3/yr)

—300.

—400.

2010-2100 Projected SMB anomaly from UKMO-HadCM3
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glacier acceleration as observed dyally et al, 2002 and The results show that the GrIS surface mass loss in the
in basal melting currently estimated to 5800 kn? yr—1 by 1930s is likely to have been more significant than currently
Reeh et al(1999. due to a combination of very warm and dry years. It is

According to Eq. (5) and if we assume that the relative pre-also noted from our results that a mere ten years would
cipitation change is 5% K! in connection with the tempera- be enough to pass from a GrIS growth state to a signifi-
ture increaseGregory and Huybrecht2006, the ensemble cant mass-loss state. Therefore, the SMB changes that are
mean of the IPCC AR4 models shows that the projected SMBcurrently occurring, and which are linked to global warm-

changes in a near future could be approximated by ing (Fettweis 2007 Hanna et a].2008 are not exceptional
in the GrlS history. For the near future, the IPCC AR4 mod-
AT AP . L .
ASMB = a +b (6) els project SMB rates similar to those of the 1930s (i.e. a zero
stdev(T20c3m) stdev(P2oc3m) or even negative SMB rate) for the end of the 21st century.
=~ (-106+26) AT (7)  That transforms to about 4-5 cm of sea-level rise for the end

for k = a/b = —1.0 (—1.5,—0.75). The striking fit between of this century under SRES scenario A1B. If these rates are
the Eq. (7) plotted in Fig,7 in light blue and the ensemble confirmed and no significant changes occur in iceberg calv-
ing and basal melting, then these rates are not large enough

mean in red motived us to use Eq. (7) with the IPCC AR4t anificantly ch the freshwater flux into the Atlant
projections. Following the used SRES scenario, the best es~) slgnilicantly change the ireshwater fiux into the Atlantic

timates from the IPCC AR4 project a global average surface cean . o .
warming varying between 1.8 and 4 K in 2108CC, 2007). . However, large uncertamue; remain indeed in these es-
If we assume that the summer GrlS temperature increase WiﬁImates due to models/scenarios used as well as parame-

be equivalent to the global warming, Eq. (7) then estimatesters and hypotheses made in the algorithm to estimate the

ASM B to vary between-1904-47 and—424+104 knd yr—1 GrIS SMB anomaly. That is why further investigations are
in 2100. In particular for the mid-range SRES scenario AlB,needed. High-resolution simulations made with the MAR

he IP AR4 2 . lobal _model (which explicitly simulates the SMB by inc.orporat—
itn(?reagec of +2 (g}f %1070?4%)0];(330?”3 c;bgl\;leBmehearngereofmg the surface feedbacks) forced at its boundaries by the

297473 (~180+44,-466+114) ki yrL in 2100, There- ' CC AR4 models outputs should yield more comprehen-
fore, it is very likely that the GrIS SMB should be null or sive anc_i realistic results although this requires a lOF of com-
even negative in 2100. puting time. Moreover, both 2003 a_nd 2006 negative SMB
However, ten thousand years would be needed to mel?nomalles .S'F““!ated by MAR Tesu't'”g from a comb|nat|-on
completely the GrIS if the SMB stabilizes near O%yn-1. of low preC|p|tat|9n and very high temperatures are equiva-
Indeed, the total volume of the GrIS isiBx 10° km?® (Bam- lent to those projected by the AOGCMs on average for the
ber et al, 2001) and the current mass loss from glacier dis- end of the let. century. This suggests that some AOGCMs
charge and basal melting is estimated to~890 kn? yr—1 could underestimate changes over the GrIS from the global

(Reeh et a].1999, while some recent observations from the warming.
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gest that dynamic mass losses should be much higher withighe program for Climate Model Diagnosis and Intercomparison
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5 Discussion and conclusion )
Edited by: D. Hall

Simulations made with MARKettweis 2007 and byHanna

et al.(2008 reveal a very high correlation between the inter-
annual variability of the modelled SMB and the variability of
both temperature and precipitation GrlS anomalies. We have
derived a multiple-regression relation that has been used with
climatological time series to empirically estimate the GrIS
SMB since 1900. The SMB changes projected for the end
of the 21st century have been derived using the set of exper-
iments conducted for the IPCC ARR#&ndall et al.2007).
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