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Abstract. To estimate the sea level rise (SLR) originat- surface processes and ice-dynamic changes to rising temper-

ing from changes in surface mass balance (SMB) of theatures, as well as their mutual feedbacks.

Greenland ice sheet (GrlS), we present 21st century cli-

mate projections obtained with the regional climate model

MAR (Modele Atmosplérique Regional), forced by output 1 Introduction

of three CMIP5 (Coupled Model Intercomparison Project

Phase 5) general circulation models (GCMs). Our results in-The surface mass balance (SMB) of the Greenland ice sheet

dicate that in a warmer climate, mass gain from increasedGrIS) can be approximated in first order by the water mass

winter snowfall over the GrIS does not compensate mass losgained by snowfall minus the mass lost by meltwater run-off.

through increased meltwater run-off in summer. Despite theThe mass gain from rainfall as well as the mass loss from

large spread in the projected near-surface warming, all theerosion, from the net water fluxes (e.g. the sum of the evap-

MAR projections show similar non-linear increase of GrIS oration, sublimation, deposition and condensation) and from

surface melt volume because no change is projected in th#he wind (blowing snow) appear to be negligible compared to

general atmospheric circulation over Greenland. By coarselygnowfall and run-off Box et al, 2004 Lenaerts et al2012).

estimating the GrlS SMB changes from GCM output, we A warmer climate will lead to an ice sheet surface thick-

show that the uncertainty from the GCM-based forcing rep-ening inland, due to increased solid precipitation, and a thin-

resents about half of the projected SMB changes. In 2100ning along the GrIS periphery, due to increased surface melt.

the CMIP5 ensemble mean projects a GrlS SMB decreas# is expected that the increase in meltwater run-off is only

equivalent to a mean SLR af4+2 cm and+-9+4cmforthe  partly compensated by the increase in (winter) snowe@ie¢

RCP (Representative Concentration Pathways) 4.5 and RCgory and Huybrechts2006 IPCC, 2007, Fettweis et al.

8.5 scenarios respectively. These estimates do not consid@008 van Angelen et al.2013 Rae et al. 2012, a phe-

the positive melt—elevation feedback, although sensitivity ex-nomenon that has already been observed in recent years

periments using perturbed ice sheet topographies consistemtith anomalously low SMB on the GrlS/gn den Broeke

with the projected SMB changes demonstrate that this is @t al, 2009 Tedesco et al.2011, Rignot et al, 2011). Ris-

significant feedback, and highlight the importance of cou-ing temperatures also increase the ratio of liquid to solid

pling regional climate models to an ice sheet model. Such grecipitation, which wets the snowpack and in turn could

coupling will allow the assessment of future response of botHfurther enhance surface melt by lowering the albedo. How-
ever, as we will see, most of the rainfall increase occurs
over bare ice areas in the ablation zone, with hardly any
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affect on the surface albedo. The extra liquid water fromrain  The regional climate model MAR (Matfe Atmo-
will just run off the ice sheet to the ocean along with the spterique Fegional), fully coupled with a snow model and
produced surface meltwater. extensively validated to simulate the SMB of the Greenland
Besides impacting surface processes, increasing surfadee sheetl(efebre et al.2003 2005 Fettweis 2007 Fettweis
temperatures also has its feedback on ice dynamics. Curt al, 2005 2011h Franco et a].2012), has been developed
rent estimates on increased mass loss from the GrIS over th® study the Greenland climate and run at a relatively high
last two decades, are roughly equally partitioned between inspatial resolution (25 km).
creased meltwater run-off and increased discharge from the Previous studiesMernild et al, 2008 201Q Rae et al.
outlet glaciers. fan den Broeke et al2009 Rignot et al, 2012 have not generally accounted for snow metamorpho-
2011). The dynamical response of the ice dynamic to furthersis and the associated temperature—albedo feedbacks, which
increased surface melt reaching the bedratikdlly et al, are included in MAR. The boundary conditions for MAR are
2002 is still uncertain. However, recent observations sug-provided by several GCMs included in the IPCC ( Intergov-
gest that the latter is not a significant component of the totalkernmental Panel on Climate Change ) fifth assessment re-
uncertainty in future sea level risilick et al, 2009 Rignot ~ port (AR5). This work fits into the ICE2SEA projedt(p:
et al, 2012, Sundal et al.2011). The acceleration in flow of //www.ice2sea.€uof the 7th Framework Program (FP7),
tidewater glaciers, due to large melting at the calving front, iswhich aims to improve the projections of future sea level rise
expected to decline in the future as the glaciers retreat abovdue to the contribution of melt from land-based ice.
sea level Goelzer et al.2012), and makes meltwater run-off After a brief description of the MAR model in Sect. 2,
the dominant contributor to sea level rise from the GrIS. A Sect. 3 compares the MAR output obtained with ERA-
preliminary objective, addressed in this study, is to providelnterim reanalysis forcing data over the period 1980-2012
the best possible estimate of future SMB and associated suwith those obtained from MAR forced by the selected GCMs.
face meltwater run-off. Such run-off contributes both to Sealn Sect. 4, we analyse future SMB projections. Section 5 de-
Level Rise (SLR) and may as well affect the North Atlantic scribes the sensitivity of the SMB components to a fixed tem-
thermohaline circulation (THC)Swingedouw et al.2009 perature anomaly independently from the forcing GCM and
Weijer et al, 2012. scenario. Finally, in Sect. 6, we discuss future projections
The contribution to sea level rise originating from a de- of GrIS SMB decrease based on 30 GCMs from the CMIP5
crease in GrlIS SMB by the end of this century is currently (Coupled Model Intercomparison Project Phase 5) database
estimated at 0—15cm SLR with respect to the year 2000as well as the uncertainties in our estimations.
(Gregory and Huybrecht2006 IPCC, 2007, Fettweis et al.
2008 Graversen et 812010 Mernild et al, 201Q Vizcaino
et al, 2010 Bengtsson et gl.2011;, Franco et al.2011). 2 Data
However, despite the direct impact of GrlS melt on the global
climate, large uncertainties remain in these estimations. On@.1 The MAR model
of the reasons for this is the fact that most of the current stud-
ies are based on the output of atmosphere—ocean general cithe model used here is the regional climate model MAR
culation models (GCMs) produced at a coarse horizontal spaeoupled to the 1-D surface vegetation atmosphere trans-
tial resolution (300 km). This limits their capabilities to cap- fer scheme SISVAT (Soil Ice Snow Vegetation Atmosphere
ture SMB changes on the narrow ablation zone of the GrlSTransfer) Gallée and Schaye4994. The snow-ice part of
Moreover, the GCMs usually lack a realistic representationSISVAT, based on the CEN (Centre d’Etudes de la Neige)
of the snow/firn/ice processes that occur within the upper icesnow model called CROCUS(un et al, 1992, is a one-
sheet snowpack. dimensional multilayered energy balance model that deter-
Because of these GCM shortcomings, regional atmo-mines the exchanges between the sea ice, the ice sheet sur-
spheric climate models (RCMs) with a sophisticated snowface, the snow-covered tundra, and the atmosphere. It al-
model are an ideal tool to understand the current Greenlantbws meltwater refreezing and snow metamorphosis, influ-
ice sheet climate and to quantify changes in the near futureencing the transformation of snow to ice and the surface
The high spatial resolution and enhanced physics of RCMslbedo using the CROCUS formulatiorBrgn et al, 1992
can be optimised to study a specific region and its processe&allee et al. 2001). The MAR physical parameterisations
It is true that RCMs neglect the feedbacks coming from theused here are the ones frdrettweis et al(2011H, which
GrlS depletion affecting the global climate at long timescalesare calibrated to agree with the satellite derived melt ex-
(1-kyrs), as the GCMsSwingedouw et al.2009 Hakuba tent over 1979-2009. The snowpack initialization is de-
et al, 2012. Moreover, the elevation-climate feedback from scribed inFettweis et al.(2005 and a spatial resolution
the GrIS Helsen et a].2012), which becomes significant on of 25km is used here.
the timescale of 100-yr is omitted if the RCM is not coupled  SISVAT does not include a 3-D ice sheet model and
with an ice sheet model, as we will see later. consequently Greenland maintains a fixed height and ex-
tent through the simulations. Since the versiorFeftweis
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et al. (2011h used in the MAR future projections made RCM. Thatis why, in alack of SMB observations at the scale
for ICE2SEA Rae et al. 2012, a new tundra/ice mask of the whole ice sheet, the ERA-Interim forced MAR (refer-
based on the Greenland land surface classification mask froranced as MARRra_interim hereafter) simulation is used as the
Jason Box lfttp://bprc.osu.edu/wiki/JasdBox_Datasety is reference run in this manuscript.
prescribed and the smoothing of tBamber et al.(200)) For computing future projections, we force MAR with 6-hly
based topography is reduced by a factor 2 in the CMIP5outputs (temperature, wind, humidity and surface pressure)
forced MAR simulations. According tdernon et al(2012), from four GCMs (BCC-CSM1-1, Beijing Climate Center
this alters a little the MAR results, as discussed in the Sup-Climate System Model; CanESM2, Canadian Earth System
plement. The ECMWEF (European Centre for Medium-RangeModel; NorESM1-M, Norwegian Climate Center's Earth
Weather Forecasts) reanalysis-forced MAR simulations oveiSystem Model; and MIROC5, Model for Interdisciplinary
1980-2010 are used to homogenise the results by crosskesearch on Climate) of the CMIP5 database and from two
calibration when values of SMB components are given at theGCMs (ECHAM5 and HadCM3, Hadley Centre coupled
scale of the whole ice sheet, since results using different icenodel) used by the FP7 ICE2SEA project (see Table
sheet masks and topographies are presented here. The version of ECHAM5 and HadCM3 is intermediate be-
By testing MAR at different spatial resolutions (from 15 tween the one used in the CMIP3 and CMIP5 databd®as (
to 50 km) over the period 1990-201Branco et al(2012 et al, 2012. As for the ECMWF-forced simulations, daily
have shown that the spatial resolution does not affect the inSST and SIC from GCMs are used to force the ocean surface
terannual variability of the MAR SMB components if they conditions in SISVAT.
are integrated at the scale of the whole ice sheet. We can then The two scenarios of future greenhouse gas (GHG) con-
assume that the GrlIS integrated SMB changes are indepertentration increase used in this study, called RCP for repre-
dent of the spatial resolution used in MAR. However, at local sentative concentration pathwayddss et al.2010 are
scales, with the aim of forcing ice sheet models, which need ) ) ) )
SMB inputs at very high resolution, the higher the resolution — RCP 4.5: mid-range scenario corresponding to a linear

. ; - : - iati i —2
is, the better the spatial variability of SMB will be resolved increase of radiative forcing towards4.5Wm™= un-

for forcing ice sheet modeld ¢cas-Picher et 312019. Ac- til 2080, and stabilizing afterwards. This scenario cor-
cording toFranco et al(2012), a resolution of 10-15km is responds to an increase of the atmospheric greenhouse

generally needed to resolve the steep slopes in the vicinity ~ 9aS concentration during the 21st century to a level of
of the ice sheet margin. Here, a resolution of 25 km is used ™~ 650 CQ equivalent p.p.m. by 2100.

to save computer time, but as shownfanco et al(2012),

the MAR 25 km results can be used to extrapolate the SMB
at resolutions of 10-15km by using interpolation based on
local SMB gradients.

— RCP 8.5: high-end scenario corresponding to a radiative
forcing of > +8.5 W m~2 by 2100. This scenario corre-
sponds to an increase of the atmospheric GHG concen-
tration during the 21st century to a levelsf1370 CQ

29 Simulations equivalent p.p.m. by 2100.

] ) As a comparison and for reader’s convenience, results of
To study the current climate, the ERA-40 reanalysis (1958Rcp 6.0 ¢ 850 CQ equivalent p.p.m. by 2100) and SRES

1978) and the ERA-Interim reanalysis (1979-2012) from 515 (~ 860 CQ equivalent p.p.m. by 2100) scenarios are
ECMWF are used to initialize the meteorological fields at the 55 reported (see Tabid.

beginning of the MAR simulation in September 1957 and to

force MAR every 6-h at its lateral boundaries. The sea sur-

face temperature (SST) and the sea ice cover (SIC) are als® Evaluation over current climate
prescribed by the ECMWF reanalysis.

The MAR reference state, forced by the ERA-Interim re- The aim of this section is to evaluate the ability of the
analyses (hereafter MAFRA—Interim), €valuates well against CMIP5 GCMs to simulate the present-day climate (general
the SMB (Tedesco et al.201% Franco et al.2012 Rae  circulation) over Greenland in respect to the ERA-Interim
et al, 2012 Vernon et al. 2012, the (near-)surface temper- over 1980-1999. Moreover, the present-day SMB (1980—
ature (efebre et al. 2005 Fettweis et al.2011h Tedesco  1999) simulated by MAR, forced by three chosen GCMs
et al, 2012 Box et al, 2012 Rae et al.2012, the down-  from the CMIP5 database, are going to be compared to
ward shortwave radiatiorBpx et al, 2012, the melt extent MAREgRra—Interim- The MAR simulations performed in the
(Fettweis et al.2006 20110 and the albedoLefebre etal.  framework of the ICE2SEA project are also evaluated for
2003 Fettweis et al.2005. In its validation, MAR is com-  comparison, whereas they are not used in our future SLR
parable to another RCM: RACMO?2 (Regional Atmospheric projections. Only the period 1980-1999 covered by ERA-
Climate Model) yan Angelen et al.20123 Lenaerts et al.  Interim and used by th&PCC (2007 as the reference pe-
2012. Its simulations will be compared later to show that the riod over current climate is investigated here. Comparisons
trends in our future projections are independent of the usean longer time periods are available in the Supplement.
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Fig. 1. Mean anomalies of the annual SMB, snowfall and water run-off with respect to the ERA-Interim forced MAR simulation over
1980-1999 for the MAR simulations listed in TalleThe same comparison with respect to M _40 over 1970-1999 is available in

the Supplement as Fig. S4. Units are mm WEYrThe areas where the anomalies are two times above the 1980—1999 standard deviation
of MARERA_Interim are hatched in dark grey. The ELA from MARA_nterim IS plotted in red. Finally, the MAR simulations using the
ICE2SEA forcings (HadCM3 and ECHAMS5) are compared here with MAR_interim USing the same set-up. This explains why the ice
sheet mask here is a bit different in respect to the CMIP5 forced MAR simulations.

The Cryosphere, 7, 469489, 2013 www.the-cryosphere.net/7/469/2013/
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Table 1. Summary of the different forcings and scenarios used in the MAR simulations.

Boundaries RCM forcing  Institutes, Country Period Scenario

ERA-40 reanalysis ECMWEF, UK 1957-2001

ERA-Interim reanalysis ECMWEF, UK 1979-2012

BCC-CSM1-1 (CMIP5) Beijing Climate Center, China 1975-1999 Historical

BCC-CSM1-1 (CMIP5) Beijing Climate Center, China 2075-2099 RCP85

CanESM2 (CMIP5) Canadian Centre for Climate 1965-2005 Historical
Modelling and Analysis, Canada

CanESM2 (CMIP5) Canadian Centre for Climate 2006-2100 RCP45 and RCP85
Modelling and Analysis, Canada

ECHAMS (ICE2SEA) Max Planck Institute for 1980-1999 SRES 20C3M
Meteorology, Germany

ECHAMS (ICE2SEA) Max Planck Institute for 2000-2099 SRESA1B
Meteorology, Germany

HadCM3 (ICE2SEA) Met Office Hadley Centre, UK 1980-1999 SRES 20C3M

HadCM3 (ICE2SEA) Met Office Hadley Centre, UK 2000-2099 SRESA1B

MIROCS5 (CMIP5) The University of Tokyo, Japan 1965-2005 Historical

MIROCS5 (CMIP5) The University of Tokyo, Japan 2006-2100 RCP45 and RCP85

NorESM1-M (CMIP5) Norwegian Climate Centre, Norway 1965-2005 Historical
NorESM1-M (CMIP5) Norwegian Climate Centre, Norway 2006-2100 RCP26, RCP45,
RCP60 and RCP85

An evaluation only over 20 years could be litigious be- pict significant change in the general circulation over Green-
cause the ERA-Interim based time series could contain sigltand Belleflamme et a).2012 Fettweis et al.2013. Con-
nificant decadal variability affecting the general circulation sequently, it may be assumed that if their regional circula-
over Greenland, which cannot be temporally matched to thdéion compares well to the reanalyses in the current climate, it
decadal variability in the GCM forced simulations. However, should still be valid in the future. But, the mean climate over
as shown byFettweis et al(2013, both CMIP5 GCMs and  Greenland, a balance of changes in sea-ice, thermohaline cir-
reanalysis do not simulate changes in the North Atlantic Os-culation and path of the storm tracks, depends of the ability of
cillation (NAO) and in the general circulation over the secondthe GCM to simulate the climate on the global scale. Thus,
half of the twentieth century. This means that the climate overthe regional climate may be correct due to a compensation
Greenland in the 1960s and 1970s is comparable to 1980ef model errors, and therefore, the amplitude of its projected
1999 (see Fig.1) and that the GrIS SMB is relatively stable warming could be questionable. Such a possibility is reduced
from the beginning of the 1960s until the end of the 1990sthrough the use of a model ensemble, here, those available
(Rignot et al, 2008 van den Broeke et al2009. Therefore,  from the CMIP5 database are used.
extending the comparison over 1960-1999 using ERA-40 as The surface conditions (except the SST and SIC, which are
reference instead of ERA-Interim over 1980-1999 does noused as forcing) simulated by the forcing GCM do not con-
affect the comparison as shown in the Supplement. The refsiderably vary the results of the RCM but the general atmo-
erence simulation is not extended to the last decade (not regspheric circulation in the RCM, is fully induced by the GCM-
resentative of the average climate over Greenland) as durinpased boundaries forcing. Therefore, GCM atmospheric bi-
the 2000s Greenland has become significantly warmer (andses in temperature, humidity and wind with respect to the
drier) as a result of a change in the NAO. ERA-Interim at the RCM boundaries, affect results in its in-

A good representation of the current climate is a necessaryegration domain.
but not the only condition needed to realistically simulate  With the aim to use them as forcing of a RCM, the fields
future climate changes. A model that fails to reproduce thefrom the GCMs evaluated here are
current climate generates projections that lack in reliability
and validity since the response of the climate to a warming — The June, July, and August (JJA) mean temperature
is not linear. That is particularly true for ice sheets, which at 700hPa. A GCM temperature bias in the free at-
are conditioned by the altitude of the’Q isotherm, with mosphere is propagated through the RCM boundaries,
area under the isotherm increasing non-linearly with rising ~ Which induces a similar temperature bias in the RCM.
temperatures. However, a good representation of the cur-  As shown byFettweis et al(2013, temporal variability
rent climate over Greenland is no guarantee that the pro-  of surface meltin MAR is highly correlated (with a cor-
jected changes are reliable. In general the GCMs do not de-  relation coefficient of- 0.95 over 1958-2012) with JJA

temperature at 700 hPa (T700) over Greenland.

www.the-cryosphere.net/7/469/2013/ The Cryosphere, 7, 4689, 2013
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— The annual mean wind speed at 500 hPa. Most of the hu(Belleflamme et a).2012, its atmosphere is 1-°Z warmer

midity is advected into the RCM domain at the southernin summer (1960-2010) than the ECMWF reanalysis, and
boundary, which is located in the major North Atlantic BCC-CSM1-1 is 2-3C cooler (see Fig. S7 in the Supple-
storm track. The wind speed at the RCM boundaries im-ment). Finally, a comparison of the ERA-40 reanalysis and
pacts the moisture advection into the integration domainthe NCEP-NCAR reanalysis is also performed to evaluate the
and hence the precipitation amount simulated by the re-uncertainties within the reanalyses over Greenland, and com-

gional model. It also affects the advection of warm air pared to the GCMs anomalies with respect to ERA-Interim.

masses in summeFéttweis et al.20113.

3.1
— The annual mean wind direction at 500 hPa that can be

gauged by the isohypses of the geopotential height at

Average annual rates and spatial variability of SMB
components over 1980-1999

500 hPa. This last one reflects the main general circulaThe SBM describes the integral response of the ice sheet to
tion patterni.e. an eastward general circulation from thethe climatic forcing. To identify differences in the forcing,
North American continent, deflecting to the northwest e break the SMB down into its components under current
over Baffin Bay before reaching the western coast ofclimate conditions (1980-1999) (Tab® and we compare
Greenland, and generating a north-eastward circulationthem to MAR:rA_interim in Fig. 1. The differences among
over central Greenland. In southern Greenland, the rethe different forcing models are illustrated in F@.in re-
gional circulation is more influenced by northward cir- spect to ERA-Interim. Figures similar to Figjbut for the 30
culation patterns. Biases at the RCM boundaries in thecMIP5 GCMs used in Sedb.1are shown in the Supplement
direction of the main flows alter the precipitation pat- (see Fig. S5a, b).

tern. As shown byBelleflamme et al(2012), the agree-  with respect to the MARRA_Interim Simulation over 1980—
ment (at the daily time scale) between the general circu-1999, results show that

lation from GCMs and reanalyses is seasonally depen-
dant. However, the mean pattern of the general circula- —
tion is the same in summer and in winter. That is why,

an evaluation at the annual scale is enough here.

The evaluation of the variables listed above is enough to
explain most of the differences between MAR forced by the
GCMs and MAR-RA—Interim- Biases in SST and SIC have
less impact on the MAR result$i@nna et al.2009, and
the specific humidity in the free atmosphere from GCMs
compare generally well with the one from ERA-Interim (not
shown here).

The CMIP5 GCMs used here (CanESM2, MIROCS5 and
NorESM1-M) have been selected among the most suitable
GCMs from the CMIP5 database (with 6-h outputs avail-
able at the model levels) in respect to their ability to sim-
ulate the summer free-atmosphere (at 700 hPa) temperature _
and the general circulation over Greenland at 500hPa (see the
Supplement). Our choice has been predominately dictated by
the ability of the GCMs to simulate the climate of summer,
which is the key season for a correct representation of the
GrlIS surface melt. In addition, these three GCMs have also
been selected bBelleflamme et al(2012 for their ability
to simulate the general circulation over Greenland at a daily
time scale over 1960-1990 in respect to the reanalysis ver- —
sion 1 of the National Centers for Environmental Prediction
(NCEP) and the National Center for Atmospheric Research
(NCAR). However, this does not mean that they perform well
at the global scale and hence their future projections may not
be reliable. Two RCM simulations using BCC-CSM1-1 and
HadGEMZ2-ES as forcing are also shown to illustrate the role
of summer temperature biases in the GCMs on SMB in the
RCMs and on its future projections. While the HadGEM2-
ES general circulation compared well against the reanalyses

The Cryosphere, 7, 469489, 2013

MARERra—40 Simulates less run-off and more precipi-
tation because the ERA-40 atmosphere is a bit colder
and drier than ERA-Interim. Part of these differences
can be attributed to an improvement of the represen-
tation of the GrIS climate in ERA-Interim as com-
pared to ERA-40 Dee et al. 2011, Screen and Sim-
monds 2011). Moreover, these discrepancies (lower
than the MARRA_Interim interannual variability) give

an estimate of the uncertainties made over current
climate when MAR is forced by reanalyses. Finally,
the comparison of MARra—40 Over 1960-1979 vs
MARERA—Interim Over 1980-1999 illustrates the stabil-
ity of the SMB from 1960-1999 and hence justifies
1980-1999 as the reference period.

MARBcc-csmi1-1 underestimates the snowfall along
south-east Greenland because BCC-CSM1-1 underes-
timates the strength and the meridional component
of the north-easterly flow over this area. Since the
BCC-CSM1-1 atmosphere is statistically significantly
colder (2—-3C) than for ERA-Interim in summer,
MARBcc-csmi—1 underestimates the water run-off.

MAR canesm2 underestimates the SMB in the north-
west of the Greenland ice sheet and overestimates it in
the south and along the north-eastern coast. The SMB
negative anomalies in the north-west are due to a com-
bination of negative snowfall anomalies and positive
water run-off anomalies induced by biases in summer
temperature and winter accumulation, as explained by
Fettweis et al.(20119. In addition to its impact on
SMB, a low winter snowfall results in an earlier expo-
sure of bare ice during summer melt, and since ice has a

www.the-cryosphere.net/7/469/2013/



X. Fettweis et al.: Future projections of the Greenland ice sheet surface mass balance 475

e e L

_ =4 - o2

bias: —1.3

Bias: —-2.1

Bias: 0.6

CanESM2

CanESM2
[ A |

BCC-CSMI1-1

bias: —0.8

bias: —1.2 bias: —0.4

Hias: -0.7
MIROCS ] M2-ES

Bias: 0.9

HadGEMZ-ES
N T O Y

Bias: 1.3

HadCM3-ICEZSEA
T Y Y

bias: 0.1
NCEP—-NCAR—Reanalysis

bias: 0.1
ERA-40-Reanalysis

bias: —0.8

Bias: —0.1

ERA-40-Reanalysis NCEP-NCAR-Reanalysis

Summer 700hPa temperature anomaly Annual 500hPa wind speed anomaly

with respect to ERA—Interim over 1980-1999 (°C) with respect to ERA—Interim over 1980-1999 (m/s)

—g ] | — R [ I
-3 -2 -1 0 1 2 3 -5 -4 -3 -2 -1 0 1 2 3 4 5

Fig. 2. (Left) Mean anomalies of the JJA 700 hPa temperature simulated by the different GCMs used in this study with respect to ERA-
Interim over 1980-1999. The JJA mean wind vectors (not anomalies) at 700 hPa are also plotted and the mean temperature bias is listed ir
normalised value. The boundaries of the MAR integration domain are plotted in green and the areas where the anomalies are two times abov
the 1980-1999 standard deviation of ERA-Interim are hatched in dark grey. Finally, it must be noted that the data sets are shown here by
using their native Lat and Long projections. Right panel same as left but for the annual mean wind speed at 500 hPa. The annual mean wingc
vectors at 500 hPa and isohypses of the geopotential height at 500 hPa are also plotted in black and red, respectively.

lower albedo, results in a higher ablatidvidte, 2003 — MAREcHams and MAR4adcms considerably underes-

Tedesco et al20117). This snowfall negative anomaly is
due to an underestimation by CanESM2 of the south-
westerly flow impacting the amount of moisture that
is advected to this area, while in the south of the ice
sheet, the zonal flow is conversely overestimated by
CanESMZ2 enhancing the precipitation amount in MAR.
Finally, the pattern of MARanesm2melt anomalies re-
flects the pattern of the CanESM2 JJA temperature bi-
ases at 700 hPa obtained in the case of ERA-Interim. At
the scale of the whole ice sheet, these biases of oppo-
site sign are compensated and MAResmv2Ssimulates
annual SMB rates very close to MARA_ interim-

www.the-cryosphere.net/7/469/2013/

timate the snowfall (mainly in the south) and over-
estimate the water run-off (mainly along the western
and northern coast) because both forcing GCMs are
too warm at 700hPa in summer (mainly HadCM3)
and underestimate the strength of the large-scale at-
mospheric circulation (mainly ECHAMS5), gauged here
by the wind speed at 500 hPa. Similar to MAResm2

in the north-west of the ice sheet, the accumulation
underestimation induces a melt overestimation. Such bi-
ases alter the equilibrium line altitude (ELA) that shifted
25-50 km towards the interior of the ice sheet with re-
spect to MARRA_Interim- This explains why the SMB
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Table 2. Average and standard deviation (gauging the interannual variability) of the annual surface mass balance components simulated by
MAR and RACMO2 over 1980-1999. Units are GTyrand acronym of each simulation (RGEingd is given in the first column. The

surface mass balance (SMB) equation here is SM&nhowfall + rainfall — run-off — water fluxes. The run-off is the part of not refrozen

water from both surface melt and rainfall reaching the ocean.

Simulation acronym SMB Snowfall Rainfall Run-off  Water Meltwater
fluxes
MARERA_ Interim 388+103 63755 2544 266+66 8+2  449+91
MARERA_40 447+106 673+57  28+5 247+68 7+1 429+ 96
MARBCC_CSMI-1 433+92 585470 19+7 161+49 942  293+66
MAR caneEsMm?2 410+£102 635+51 379 257+ 84 5+2 4144112
MARMIROCS 4374107 681465 26+6 266+79 5+2 445499
MAR NOrESMLM 483+71 691458  28+4 2304+42 6+1  401+62
MARECHAMS 223+88 535+34  27+7 323480 5+2 502+110
MARH{adcMm3 130+103 422+49 33+10 406+95 8+2 604+122
RACMO2zcmwE 406+98 683+ 60 46+9 282+62 41+4  476+91

RACMO2y.dGEM2ES 2444110 660£93 54416 429+98 4244 657+131

biases are the highest along the current ELA (plotted inboth RACMOZcuwr and MAReraA—Interim- A more de-
red in Fig.1). tailed evaluation of RACMOZagcEm2-Es by comparison to

RACMO2=Rra—Interim iS given byvan Angelen et al2013.
— MARMIRocs best reproduces the spatial variability

of SMB from MARgRraA—interim, With biases simi- 3.2
lar to the discrepancies between MARA_40 and '
MARERaA-Interim- The highest biases occur in southern
Greenland where the MIROCS atmosphere €100
cold in summer, which weakens the run-off in MAR.

Interannual variability over 1980-2012

An adequate depiction of the model observed interannual
variability is an indicator that it will perform well under fu-
ture simulations. The variability arises due to changes in the
— MARpNoresmim Underestimates the run-off because Storm tracks, the NAO, and the sea ice extent, which may
NorESM1-M is 0—1C too cold in summer. The gen- Combine to generate decadal variability. However, alignment
eral circulation flow from NorESM1-M is generally Of these components in GCMs is not likely to be the same as
too zonal in southern Greenland (as BCC-CSM1-1),those in the real world. Consequently, we cannot expect tem-
which explains why MARoresmi_m Overestimates the  Poral coincidence of any observed changes to those in the
snowfall along the western coast and underestimates iECMS, as we are going to see.
along the eastern coast. At the scale of the whole ice AS Shown byFettweis et al(2013, the JJA temperature at
sheet, the melt and snowfall biases add up and explairf 00 hPa (T700) taken over an area covering Greenland (20~
why MARNoresm1_m Overestimates the average annual 70° W, 60-85 N) can be used as a proxy of the surface melt
ERA-Interim forced SMB rate by 100 GT y#. variability simulated by MAR over current climate. How-
ever, atmospheric temperatures taken at vertical levels (e.g.
Finally, integrated over the whole ice sheet, the SMB rates700 hPa) lower than 600 hPa are truncated by the ice sheet
from RACMOZ:zcmwre and MARecmwe compare very well  topography in most of the CMIP5 models. This explains why
over 1960-2011 (see Tabkand Table S2 in the Supple- T600 simulated by the forcing GCMs is plotted in F8g, b
ment). The fact that RACMOZ2 is run over a different ice instead of T700.
sheet mask than MAR and the differences in their physical From the 1960s to nearly the end of the 1990s, JJA
schemesKettweis et a].20113 explain the small discrep- T600 (and then the surface melt) was relatively stable over
ancies (lower than the interannual variability) between theseGreenland Fettweis et al. 2013. Since summer 1998,
two RCMs. ERA-Interim simulates a sharp increase of T600 and then
As HadGEM2-ES is one of the best CMIP5 GCMs a similar increase of the surface melt is simulated in both
reproducing the general circulation from ERA-Interim MAREgRra—interim and RACMOZcwwer (see Fig.4e). This
(Belleflamme et a). 2012, but because its atmosphere warming is a combination of the Arctic amplified global
is too warm in summer, RACMQR&dJGEM2_-ES Simu- warming Serreze et al2009 and changes in the North At-
lates successfully the precipitation amount but overesdantic Oscillation (NAO) impacting the general circulation
timates the melt by a factor of two with respect to over GreenlandHettweis et al.2011a 2013 Box et al,
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Fig. 3. (a)Anomaly of JJA temperature at 600 hPa (T600) simulated by the reanalyses and the CMIP5 GCMs with respect to 1980-1999 over
Greenland for the RCP 4.5 scenario. The anomaly of T600 is taken over an area covering Greenlartd/266#85 N). The ensemble

mean as well as the standard deviation of the 30 CMIP5 GCMs are plotted in dark black and in light grey, respectively. Finally, the projections
from GCMs used in this study are drawn in colour and a 10-yr running mean is applied for smoothing the(bySase aga) but for RCP

8.5.(c) Same aga) but for a proxy of the JJA NAO index. The NAO index is here estimated as the standardized (over 1980-1999) difference
of the JJA air pressure at sea level (PSL) between the AzoréN23% N) and Iceland (22W, 64° N). The “real” JJA NAO index from

the Climate Prediction Center (CPGjtip://www.cpc.ncep.noaa.giuis plotted in light green as a comparison. It is also normalised over
1980-1999(d) Same agc) but for RCP8.5.

2012 Hanna et al.2012. This changes in atmospheric circu- and b show that MIROC5, NorESM1-M and BCC-CSM1-
lation (i.e. more frequent anticyclones) have a double impactl have a temperature sensitivity to GHG increase near the
on the SMB: (i) an increase of surface melt enhanced by more€MIP5 30 GCMs based ensemble mean, while CanESM2
frequent warm air masses advection along the western coasind HadGEM2-ES are amongst the GCMs with the high-
of Greenland by the anticyclones centred over the ice sheetst sensitives. Nevertheless, only CanESM2 (RCP85) and
(gauged by negative NAO indexes as shown in Bg.d); HadGEM2-ES (RCP45) simulate a warming with an ampli-
(i) a decrease of precipitation since the atmosphere is moréude comparable to ERA-Interim over the period 1980-2012,
stable in anticyclonic conditions (see F). Therefore, we  although this warming starts too early in the GCMs. The
observe in both model outputs and satellite data a substantiather GCMs, and the CMIP5 ensemble mean, depict only
decrease of GrIS SMB since the end of the 19®igriot half the magnitude of RCM warming. It should be reminded
et al, 2011). However, a part of this current surface mass that the current observed acceleration of melt over Greenland
loss is due to the North Atlantic Oscillation variability (see is rather a consequence of changes in NAO than of global
Fig. 3c, d) and cannot be considered as a long-term climatavarming Fettweis et a].2013, which explains why most of
change. This explains why all GCM forced simulations fail to the GCM forced MAR simulations fail to simulate the cur-
reproduce such a decrease of SMB (see #gb) knowing  rent melt increase over the 2000s.

that no CMIP5 GCM projects statistically significant NAO  We can also see in Fig.that

(and then general circulation) changes in future over Green-

land (Fig.3c, d). We refer tBelleflamme et al(2012) and — MARcanesm2 provides the best simulation of the ob-

Fettweis et al(2013 for more details about this. served decline in SMB. However, while it simulates the
Let us start by the analysis of the JJA T600 variabil- increase in run-off increase, it does not reproduce the

ity driving the surface melt variability in MAR. Figure3a MARERA-Interim decrease of snowfall in the 2000s. It

is anticipated that snowfall will increase with global
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Fig. 4. (a) Time series of the annual total ice sheet SMB (in GTYrsimulated by MAR and RACMO?2 forced by the listed GCMs over
1980-1999(b) Same aga) but for the SMB anomaly with respect to 1980-19@9.Same agb) but for the snowfall(d) Same agb) but

for the rainfall.(e) Same agb) but for the JJA near-surface temperature averaged over the @rf$e corresponding cumulated sea level
rise (in cm) from SMB changes. The computations use an ocean area of 361 milfion km

warming, as depicted by the GCMs, and consequently  cant snowfall increase and underestimates the SMB by
its reduction in ERA-Interim is related to the change in a factor of two.
NAO. This explains why MARanesmz Which verifies
well against MAR:RA— interimfrom 1980-2004 (Figda), 3.3 Conclusions on the evaluation
underestimates the SMB decrease afterwards.
As mentioned byFranco et al(2011) and byBelleflamme
— MAREgcHAms and MARyagcms underestimate the SMB et al. (2012, no GCM is able to satisfactorily reproduce
through the whole observed period, as well as the cur-all behaviours of the current climate over GrlS, and con-
rent SMB decrease. sequently, no GCM-forced RCM simulation can be se-
lected as the best for making future projections. Indeed,
— MARMIrRocs and MARNorESM1-M considerably overes- MARpcc_csmi-1 IS too cold. While MAR:anesmawell re-
timate the SMB after 2000 because they underestimatgroduces the total ice sheet SMB and its interannual variabil-
the current melt positive trend and do not simulate sig-ity over the period 1980-2012, it underestimates the SMB at
nificant changes in snowfall in view of their interannual the north of the ice sheet and overestimates it at the south.
variability over 1980-1999. The MAR simulations performed for the ICE2SEA project
are affected by several statistically significant biases and are
— RACMO2adcem2-es Works very well over the 2000s  hence likely to be less reliable. The MIROCS, and to a lesser
by simulating the melt increase, the snowfall decreaseextent NorESM1-M forced simulations, reproduce well the
and the RACMOZcwuwr based SMB in absolute value. SMB behaviour over the 1980-1999 period but they fail to
But, over the period 1980-1999, it simulates a signifi- simulate the SMB decrease observed in the 2000s. Finally,
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RACMO24adceEm2-Es compares very well with the ERA- to considerably lose mass from its surface and to contribute
Interim forced simulations over 2000—2011 but fails to re- to the sea level rise (Figif), independently of the impact of
produce the 1980-1999 SMB behaviours. increased run-off changes in the ice dynamics.
Since the 2000s, the SMB decrease might be connected to

the general circulation natural variability (not simulated by 4.2 Spatial changes
the GCMs) rather than to a long-term change (see3&igd),
it is better to evaluate the performance of the RCM simu-All the simulations project a SMB increase of 100
lations over the second half of the twentieth century when200 mm WE yr in the current accumulation zone and a sig-
the climate was stable over GreenlaRettweis et a|.2013.  hificant SMB decrease of 1000-3000 mm WE yr! in the
The period 1980-1999 has been chosen as reference becauggrent ablation zone (see Fi). for the period 2080-2099.
it is the period covered by all the simulations involved here. The thinning rate of the ice sheet along its border and the shift
However, evaluations over longer periods (e.g. 1960-1999pf the ELA towards the centre of the ice sheet depend on the
do not affect the comparison as discussed earlier. AccordJJA warming amplitude shown in Fig. The highest melt
ing to this, MARcanesmz MARwmirocs and MARNorESM1-M increase occurs at the north of the ice sheet because of the
are the best performers since most of the biases are stati¢hhanced warming induced by the disappearance of the sea
tically insignificant over the 1980-1999 period with respectice cover in the Arctic OcearMernild et al, 201Q Franco
to the MARERA—Interim iNterannual variability. They also suc- et al, 2011). This decrease in the sea ice cover, apart from
cessfully simulate the seasonal variability of temperature andgnhancing the atmospheric warming, also increases the wa-
SMB components, as shown in the Supplement. The remainter evaporation and therefore, explains why most of the sim-
ing simulations are used here to see the impact of biaseslations project a snowfall increase along the eastern margin.
made over the current climate on their future projections withThis snowfall increase does not come from changes in the
respect to the three previously cited reference simulations. general circulationBelleflamme et a).2012). A thickening

of the ice sheet is also projected near South-Dome (where the

maximum of precipitation currently occurs). But, according

4 Future projections to MARcanesmz (RCP85), if the warming is too high, the
snowfall increase is weakened because most of the precip-
4.1 Trends of the SMB components itation falls as rainfall in summer and the mass gained by

heavier snowfall become not enough for compensating the

Figure 4 and Table3 indicate that the projected response mass loss due to the run-off increase. Finally, heavier snow-
of the GrIS SMB to the global warming is highly depen- fall could also occur in the north-east of the ice sheet but it is
dent on the GCM and scenario used for forcing MAR. While only simulated by MARoresmi-m and MARvirocs.
all simulations agree in projecting an increase of snowfallFrom Fig.5, we also observe that the JJA near-surface tem-
and rainfall between+25 and+150GTyr ! by 2100, the  perature (TAS) increase is not uniformly distributed over the
modelled changes in the water run-off vary betwee200 ice sheet. Along the ice sheet margins, the current surface
and+1600 GT yr! by 2100, with respect to the 1980-1999 temperature (TS) is already close t6@in JJA. Since the
mean. For the same RCP scenario, there is up to a factor ghelting snow/ice TS is limited to the freezing point, this
two between the melt increase simulated by MAREsm2 ~ dampens the TAS increase. In the north of the ice sheet and
and that simulated by MARyesmi_m. This is mostly due  along the eastern coast, the TAS increase over tundra is gen-
to the fact that there are several degrees of difference beerally higher over the neighbouring ice sheet. It is true that
tween the JJA T600 warming projected by CanESM2 andthese pixels are the most affected by the disappearance of
by NorESM1-M (see Fig3). Moreover, it must be noted the sea ice cover in summer, but these areas are currently
that RACMO24adcemz2_es (RCP45) projects SMB decrease covered by snow during a part of summer, and with rising
by 2100 close to MARoresmi-m (RCP85), although there temperature, they could become snow free during most of
is a factor of two between the G@oncentrations by 2100 the summer time and therefore a positive albedo feedback
between both simulations and future projections for theshould also occur in these areas. Such effect is not as strong
ICE2SEA project using the SRES A1B scenario (equivalentin the south-western tundra area because this area is already
to the RCP60 scenario) are rather situated in the lower-rang&now free during summer in present-day climate.
future projections for the RCP85 scenario. This is due to the
GCM’s sensitivity to a GHG concentration increase and to
a melt overestimation over current climate, which amplifies5 Sensitivity of the SMB components to rising
the future melt acceleration, as discussed in Sect. temperatures

At this stage, we can only conclude that, for all models and
all scenarios presented here, the mass gain due to increaséuthe previous section, we have highlighted the existence of
snowfall is unable to compensate for the mass losses due ta large range in the MAR-based SMB projections induced
the increased run-off. This implies that the GrlIS is projectedby the different sensitivities of the GCMs for the same GHG
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Table 3. Anomalies of SMB, snowfall, meltwater run-off (i.e. water run-off minus rainfall) in 2080-2099 with respect to 1980—-1999 as well
as the cumulated sea level rise in 2100 resulting from SMB anomalies over 2000-2100 simulated by the RCMs as well as by the CMIP5
GCMs using Eq. D).

Simulation acronym SMB Snowfall Meltwater SLRin
(GTyr 1 run-off 2100 (cm)
MARNoresm1M (RCP26) —1244+100 +66+ 49 +192+ 76 2.2
MAR canesmz(RCP45) —351+£140 +92+59  +448+110 6.8
MARMIroCS (RCP45) —240+159  +184+66  +283+113 4.2
MARNoresMi_m (RCP45) ~160+113  +814+69  +2434+89 2.7
RACMO2adcEM2_Es (RCP45)  —476+£184 +122+457 4686+ 181 7.6
CanESM2 (RCP45) —306+118 +106+58 +411+4+89 5.5
MIROCS (RCP45) —279+88 +13+59 +2924+54 4.8
NorESM1-M (RCP45) —193+64 +85+65 +278+ 60 2.9
Ensemble mean (RCP45) —242+129  4+56+38  +298+139 44422
MARECHAMS (A1B) —506+149 +524+81  +576+143 7.4
MAR adcms (AL1B) ~589+191 +814+51  +676+183 9.8
MARNoresm1-M (RCP60) —229+120 +105+66 +338+81 2.7
MARBcc_csmi—1 (RCP85) —324+224 +196+66 4592+ 194 -
MAR canesm2(RCPS5) ~10144+251 +1294+62 +1158+241 13.1
MARmirocs (RCPS5) 7424217  +68+54  +821+202 8.8
MARNoresmi1—m (RCP85) —436+199 +155+84 4599+ 170 4.6
CanESM2 (RCP85) —10504+245 +130+45 +1180+235 12.8
MIROCS5 (RCP85) —748+169  +64+45 +813+ 157 9.3
NorESM1-M (RCP85) —5464+201 +135+71 +681+191 5.9
Ensemble mean (RCP85) —710+349 4+94+42  +804+346 90+4.3

scenario. Hence, it is complicated to compare future projecs.1 Precipitation
tions forced by different GCMs and scenarios, because they

result from different TAS increases. In addition, in view of
the sensitivity of the GCMs used as forcings in our projec-
tions, using only three GCMs is not enough for evaluating

In a warmer climate, there is more evaporation above the
ocean and the atmosphere can contain more water vapour.
the uncertainties from GCMs in our simulations This leads to higher moisture transport inland and, conse-

Therefore, we perform in this section an analysis of theduently, heavier precipitation as shown in Figa.and b. In

sensitivity of the SMB components to temperature anoma-29reement witrGregory and Huybrecht2009, total pre-
ipitation (snowfalk- rainfall) increases with a relative pre-

lies (regardless of when such temperature anomalies are pr&:P!al . 0 .
jected to occur). The different projections become more con CiPitation change estimated to be 5 76K as plotted in black

sistent in this case and show the importance of well simu-N F19- 6b. A mean value of 700 GT y¥ over current climate

lating the current climate. In addition, with the aim of esti- is used for pllc_>tt_ing the 59%K' relative precipitation ch_ange._
mating GrlS SMB changes from GCM outputs only, we are Thg senS|t|VIty of the snowfall amount to a warming C|.I—
going to select some GCM variables that best explain thdnate is more S|rr_1ulat|on d_ependent than rainfall, which in-
changes (integrated at the scale of the whole ice sheet) iff'€aSes almost linearly with the GrlS TAS anomaly taken
the SMB components simulated by the forced RCM. Since®Ve" JJA (when most of the rainfall events occur)_. _Ram—
the multimodel mean is often considered by the IPCC as théaII Increases m_alnly .because a parF of the prec!pltquon
best estimate of the simulated climate response to both nagurrently falling in solid phase is projected to fall in lig-
ural and anthropogenic forcings, it is interesting to evaluateUid phase and this effect is directly temperature dependent.
which MAR simulations presented here are the closest to thd NS ¢an be seen in Figic where for summer temperature

CMIP5 ensemble mean. It should, however, remind us tha{;\nomalies higher than°€, the snowfall increase is damp-

the CMIP5 ensemble mean underestimates the current tenﬁ:"-ned by the conversion of snowfall to rainfall. It must be

perature increase over GriS. In addition, this allows us to eghoted that the rainfall increase does not contribute signifi-
timate the uncertainties in our simulations, coming from the¢antly to the SMB changes because this occurs mostly over
GCM's sensitivity, in a similar RCP scenario. bare ice or saturated surfaces where liquid water runs off in

both MAR and RACMO2 models. That is why, only run-
off of meltwater (called meltwater run-off hereafter) will be
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Fig. 5. Anomalies of the mean annual SMB over 2080—2099 with respect to 1980—-1999. Units are mmiWEigally, the ELA over
1980-1999 (resp. 2080-2099) is plotted in mauve (resp. green).

discussed in the next section. However, rainfall instead ofmate), which is of the same order of magnitude as the snow-
snowfall over bare ice areas disallows short time albedo risfall increase. This explains the larger range in the snowfall
ings Box et al, 2012 and then contributes to accelerate the increase vs rising TAS.
melt over bare ice. Since the snowfall interannual variability is driven by the
We can also see in Figc that MARzRra—Interim Shows a  variability in the GCM-based general circulatioBohuen-
more significant JJA snowfall decrease with rising temper-emann and Cassan2010, the RCM-based annual snow-
atures than the GCM forced MAR simulations, as a resultfall anomaly can then be estimated using the annual snowfall
of the observed increase of anticyclonic conditions in sum-anomaly from the GCM. This precipitation estimation will
mer. These circulation changes induced drier conditions ovebe used in the next section to estimate GrIS SMB changes
the ice sheetBox et al, 2012 Fettweis et a].2013, whereas  from GCMs outputs. It is obvious that precipitation changes
the warmings simulated by the GCMs are not associated wittsimulated by RCMs and GCMs can be very different locally
circulation changes over Greenland. but at the scale of the whole ice sheet, they compare relatively
Conversely to rainfall, the snowfall increase is not only well, as shown in Figéd. To estimate the snowfall over GrIS
driven by the rising temperatures because to the snowfall infrom GCMs, we select the GCM pixels located over the re-
crease, in response of higher TAS, the snowfall interannuabion covering Greenland (20—7@/ and 60—-85N) and hav-
variability is superposed50-70 GTyr! over current cli-  ing an altitude of at least 1000 m a.s.| using the orography
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Fig. 6. (a) Anomalies of the annual total GrIS rainfall (in GTW) versus the JJA GrlS TAS anomaly (€) simulated by the RCMs over
1980-2100. The anomalies are given with respect to 1980-1999 and a 10-yr running mean has been applied to the time series before makin
the scatter plot{b) Same aga) but for annual total snowfall vs annual GrIS TA@) Same aga) but for annual total meltwater run-off vs

JJA GrIS TAS.(d) Same aga) for annual total meltwater run-off vs the JJAS (from June to September) temperature anomaly from GCM
taken at 600 hPa over the area (20>-W) 60—85 N). (e) Same aga) but for the annual total SMB from RCMs vs the estimated one from
GCMs using Eq.1). (f) Same aga) but for the annual total SMB from RCMs vs the annual global TAS from GCMs.

(variable OROG in the CMIP5 database) of each GCM. Sinceb.2  Meltwater run-off and refreezing

snowfall (variable PRSN) is given in kg7s~ in the CMIP5

database, we convert these values to GTyay usingacon-  As shown in Fig.6e, the GrIS meltwater run-off increases
stant factor 36% 24x 600x k, wherek is a parameter fixedto  not linearly with rising JJA TAS. While meltwater anoma-

1.6, to achieve the best comparison of the GCM-based versuées can be approximated by a linear function of TAS anoma-
RCM-based snowfall changes. lies over current climateBox et al, 2004 Fettweis et al.
2008, this linear relationship is not conserved for warmers
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climates (i.e. TAS anomaly higher than 2€3) as a result whereASF is the snowfall anomaly simulated by GCMs over
of the surface albedo positive feedback mechanism associcrIS (see Sects.1), and where the third order polynomial
ated to the extension of the summer ablation zdfmarfco  equation in the GCM-based JJA T600 anomaly is plotted in
etal, 2013. In addition to decreasing the surface albedo, theblack in Fig.6f. The coefficients of this polynomial equation
bare ice areas extension prevents efficient percolation antlave been chosen to best fit the three reference simulations.
subsequent refreezing at the beginning of winter. This ex- The ability of approximating the RCM-based GrIS SMB
plains why the meltwater refreezing increases slower withusing Eq. {) is shown in Fig.6g. The RMSE (root mean
rising JJA TAS than meltwater run-off, and therefore, the to- square error) between the GCM-derived SMB and the MAR-
tal refreezing capacity of the ice sheet is projected to decreassimulated one for the three reference future projections is 87
(van Angelen et a]2013. (resp. 35)GTyr! while the correlation coefficient is 0.89
Regarding the sensitivity of meltwater run-off to JJA TAS (resp. 0.98) without (resp. after) applying a 10-yr running
increase, it depends on the ability of the GCM-forced MAR mean to the time series. Such agreement gives us some confi-
to successfully represent the current run-off rate simulatedience in our GCM-based SMB estimates using Eg.Nlore
by MAREgRA—Interim, SiNCe the melt does not increase linearly detailed statistics can be found in Table S3 in the Supple-
with warming climates. This means that the simulations thatment. Finally, it should be reminded that EQ) can only
overestimate meltwater production over current climate (e.gbe used to estimate annual SMB anomalies at the scale of
the MAR projections made for ICE2SEA) project a larger the whole ice sheet and does not work for estimating SMB
sensitivity than MARcc_csm1-1, Which is too cold over anomalies at finer spatial and temporal scales.
current climate. The three reference simulations agree for Finally, as shown in Fig6f, the GrlS SMB anomalies sim-
giving intermediate sensitivities. However, it must be notedulated by MAR can also be approximated by:
that the run-off sensitivity is also affected by the projected
changes in snowfall (Figeb—c), which varies the surface ASMB > —71.5- ATASgiobal @)
albedo and then the melt in summafdte, 2003. Finally, —204. (ATASQ,bb;,“)2 —28- (ATAS@,mb;,u)3 ,
although Fig6e shows that the meltwater run-off anomalies ] ]
vs JJA TAS anomalies depend upon the ability of simulat-Where TAS (TA3iopa) is the annual global TAS anomaly in
ing the current climate, it must be noted that the discrepan!€SPect to 1980-1999 (EQ.is plotted in black in Fig#f).

cies between these projections are lower than the projecteBY comparison with Eq.1) based SMB estimations, the
changes. RMSE between the global TAS derived SMB and the MAR-

With the aim of evaluating GrlS SMB from GCM outputs, simulated one forthe_three referencg future p_rqjectipns is 137
the RCM simulated meltwater run-off anomalies at the scale("€SP- 60) GTle while the correlation coefficient is 0.67
of the whole ice sheet, which can be estimated using the JJA'€SP- 0.90) without (resp. after) applying a 10-yr running
T600 anomaly from GCM as shown in Figf. The tem-  Mean to the time series.
peratures at 600 hPa have been chosen to be independent of
the surface scheme used in the G.CMS (see the Supplgmgr@) Discussion
and because the JJA T600 explains well the melt variabil-
ity over current climate (as discussed earlier). For the threes 1 Future SMB changes based on CMIP5
reference future projections, the MAR-based meltwater run- multimodel mean
off sensitivity to an equal JJA GCM-based T600 is almost
independent (i.e. with differences lower than 100 GTYr  According to Fig.7, the increase of snowfall that is projected
of the GCM used as forcing. Such an independence in thdy MARmirocs (resp. MARcanesmzand MARNoresM1-M)
used forcing occurs because no change in general circulas below (resp. above) the CMIP5 multimodel mean based
tion is projected by these GCMs and a 10-yr running mean ion 30 GCMs (noted hereafter 30Ejmps). Regarding the
applied here. Therefore, the melt increase is only driven byprojected SMB decreases, MAf&kocs is the closest to
the warming of the free atmosphere over Greenland indepen30ENS&Mmips While MARcaneswm?2 (resp. MARyoresM1-M)

dently of the used GCM. overestimates (resp. underestimates) the SMB changes pro-
jected by 30ENgwips. Therefore, notably in the aim of
5.3 Approximation of the SMB changes using forcing ice sheet models in the framework of the ICE2SEA
GCMs results project, MARwirocs seems to be the best since it compares

. ) very well over 1980-1999 with MABRA—Interim and its fu-
Boosted by the good comparison of RCMvs. GEMiNig. 1 re projections are in mid-range because they are close to
we approximate the MAR-based GrIS SMB anomalies USING30EN Sevips.

the following equation In 2100, 30ENSwmips projects a SLR due to changes in
ASMB ~ ASF—84.2. AT600;3a (1) GrlS SMB to be~ +4.4+ 2.2_cm and~ +9.0j_: 4.3cm for
5 3 RCP 4.5 and RCP 8.5 experiments, respectively. These pro-
—24.-(AT600150)° — 1.6 - (AT 600158 , jections are in the range of previous estimatBE€C, 2007).
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The TAS' increased threshold for having a negative SMB SMB will occur earlier. That is why, it is more appropri-
is often considered as the maximum warming before irre-ate to use a SMB anomaly —400 GTyr ! as a threshold
versible ice sheet topography chang&ggory and Huy- since the SMB over 1980-1999 is simulated by MAR and
brechts 2006 and is therefore often studiedR@e et al. RACMO2 to be~ 400 GTyr ! (Vernon et al.2012. In this
2012 Robinson et a).2012. However, to estimate when case, Eq. (1) can be used and 30ENS suggests that such
the SMB integrated over the whole ice sheet could becomeé&SMB rates are projected to occur beyond this century ac-
negative in our simulations, using absolute values of SMBcording to RCP45 but should occur around 2070 according
(Fig. 4a) instead of relative values (Figb) could be ques- tothe RCP85 scenario. Equation (2) shows that a global TAS
tionable because for simulations underestimating the currenhnomaly of~ +3°C is needed for having a SMB anomaly
SMB (e.g. RACMOZ24adcem2-s, MARHadcm3) a negative

The Cryosphere, 7, 469489, 2013 www.the-cryosphere.net/7/469/2013/



X. Fettweis et al.: Future projections of the Greenland ice sheet surface mass balance 485

h ™, P b ‘} o b
: P e 1R o AP

= A o= £

= 2, og - 15

T : -,

Topography
0.5 x Hf\[“;"mmal}-

anomaly

hy

Topogr:

1.0 x SMB

Topography
- ll—J X HNII;H]IUITIH]‘\‘

it N N

Topography (m a.s.l.) SMB (mmWE/vyr) Snowfall Run—off
e o — e e s i E————
—100 —-80 -60 —ELO : —20 0 dr —200—-160-120 —80] -40 0 I 40 I HI(J 120 160 200
Fig. 8. (Left) Difference of surface elevation (in m a.s.l.) between the control run and the three sensitivity experiments. The ice sheet
topography used in the sensitivity experiments is the control run topography plus 0.5, 1.0 and 1.5 times the cumulated surface height anomaly
from 2000-2080 SMB changes simulated by MiyRocs (RCP85) using a fixed topography. (Right) Difference over 2080-2099 of the
mean annual SMB, run-off and snowfall in mmWE/yr between the three sensitivity experiments and the control run.

< —400GTyr 1, which is in full agreement with the esti- 6.2.2 From GCMs
mations fromRobinson et al(2012.
Equation (1) allows us to estimate the changes in the

6.2 Uncertainties in our SMB changes estimation GrIS SMB using only GCM outputs with an uncertainty of
35GTyr ! with respect to the MAR-based results if a 10-
6.2.1 From RCMs yr running mean is applied. If we use the standard devia-

tion around 30ENS as evaluation of the GCMs-based uncer-

According toVernon et al.(2012, the uncertainty in the tainty in our SMB changes evaluation (see FR. this un-

H 1
current GriS SMB modelled by the RCMs 150 GT yr- certainty is about 150 (resp. 450) GTyrin 2100 for the

i ~ 0 1 i

Lr? 10 A’to.f the culr(;egt i_”i SI\QB. F_or V\t’?rrtnt?: climates, RCP45 (resp. RCP85) scenario and represents about 50 %
Is uncertainty could be higher knowing that th€ responseys o projected mean SMB decrease. Figdralso shows

of the SMB to rising temperatures is not linear. How-

ever, Fig.6e suggests that the sensitivity of the melt pro- that the uncertainty (of-0.7°C in 2100) in the projected
jected by MAR and RACMO2 is similar if we compare global warming is amplified over Greenland due to the Arc-

) tic amplification (shown in Fig3a, b) and the non-linear
RACMOZuadcem2-Es With MAR Hagcms Therefore, we can o coonqe of the melt to rising temperatures over Greenland
assume that for warming climates, the uncertainty coming

h in Fig 6).
from RCMs in the modelled GrIS SMB changes remains be-(S own in Fig 6)
low 10 % of the projected SMB decrease if the same forcing6 2.3 From ice dynamics
is used. o

In addition to the uncertainties linked to the mod-
els/scenarios, it must be noted that these SMB projections
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do not take into account changes in ice dynamics and surfackon at 500hPa and JJA temperature at 700hPa) over
topography as described @regory and Huybrech{2006. Greenland with respect to the ERA-Interim reanalysis.
Since the GrlS topography is fixed during our simulations, Most of the differences between MAR forced by ERA-
we neglect the melt—elevation feedback, which should acinterim (which we consider here as the best representa-
celerate the melt increasel€lsen et al.2012. Prolonged tion of the current SMB) and forced by CMIP5 GCMs
thinning of the ablation zone (as shown in F8).causes an over 1980-1999 are smaller than the uncertainty related
additional warming for these areas, which should be lowerto the estimate of the present-day GrlS SMB. There-
in altitude if the topography could evolve during the simula- fore, we can consider that MAR, when forced by these
tion. Therefore, our projections are conservative and underthree CMIP5 models (CanESM2, MIROC5 and NorESM1-
estimate the GrlS SMB changes. M), is able to realistically simulate the current SMB of
With the aim of estimating the uncertainties coming from the GrlS. However, these CMIP5 forced simulations do
this missing feedback in our SMB estimations, we have rerumot reproduce the decrease of SMB that occurred in the
MARmirocs (RCP85) over 2080—2100 using three different 2000s because this event is due to a decadal change in
ice sheet topographies based on the SMB changes over 2000arge-scale circulation (NAO) rather than a component of
2080. The topography perturbations are 0.5, 1.0 and 1.5 timekng-term climate changé-éttweis et al.2013.
the 2000-2080 accumulated surface height anomaly coming In terms of future projections, MAR simulates a substan-
from the SMB changes simulated by Mffkocs (Fig. 8). tial decrease of the SMB along the ice sheet margins due
The SMB-based surface height anomalies are taken in reto increasing surface melt and a relatively smaller SMB in-
spect to 1980-1999 and the new ice sheet topography is fixedrease in the interior of the ice sheet that follows from in-
over 2080-2100. The ice sheet dynamics should compensatereased snowfall. No increase in the duration of the sum-
in part, the surface height decreases coming from the melimer melt season is projected due to the enhanced winter
increase in the ablation zone, by redistributing the additionalsnowfall, which dampens the melt increase in spring. Sur-
mass gained at the top of the ice sheet (coming from proface melt increases non-linearly with warming climates be-
jected heavier snowfall) to the ice sheet margins. But, in ourcause of the expansion of bare ice zones in summer, which
estimations of SMB-based surface height changes, we do natecreases the ice sheet meltwater refreezing capacity and en-
take into account changes in ice sheet topography over 2000kances the positive melt/surface albedo feedback. In addi-
2080, and therefore, our 20002080 SMB changes estimation, since most of the precipitation should fall as rainfall
tions are likely to be underestimated. Therefore, we cannotnstead of snowfall in summer, this contributes to increas-
conclude if a full coupled RCM-ice sheet model simulation ing the surface melt. Finally, meltwater run-off sensitivity to
would project over 2080-2100 topography changes abovevarmer climates depends on the ability to simulate the cur-
or below one times our accumulated 2000-2080 SMB-basedent climate. If a model is too warm over current climate, the
surface height anomaly. impact of a warmer climate is amplified since the response of
These sensitivity experiments show, in the ablation zonemelt to rising temperatures is not linear. This indicates that it
a run-off increase and a snowfall decrease resulting froms important to adequately reproduce the current climate be-
the conversion to rainfall due to the additional warming (seefore making future projections.
Fig. 8). In the accumulation zone, there is a small mass gain At the scale of the entire ice sheet, the increase of precip-
due to heavier snowfall but is not enough to compensatédtation does not compensate the increase of run-off. MAR
the additional surface mass loss in the ablation zone. Intesimulates a mean surface mass anomaly of aboR00—
grated over the whole ice sheet, the additional SMB change400 (resp~ 600-1200) GT yr! at the end of the 21st cen-
resulting from the three lowerings of the ice sheet topographytury for the RCP 4.5 (resp. RCP 8.5) scenario with re-
are respectively-27, —57 and—83 GT yr 1 since the 2080—  spect to the current climate. The large range in these MAR-
2100 GrIS SMB anomaly is 741 GTyr tinthe controlrun.  based future projections is due to the sensitivity of the
Therefore, taking into account ice topography changes in ouused GCMs to a same GHG forcing. For the same increase
simulations should add an additional surface mass loss oin near-surface temperature, the MAR results are quasi-
about+8+5 % in our SMB change estimations. independent of the GCM used as forcing because no GCM
projects changes in the large-scale atmospheric circulation
over Greenland. This indicates that the main uncertainty in
7 Conclusions our study comes from the GCMs and that making future pro-
jections depends a lot on the chosen GCMs. However, the
21st century projections of the Greenland ice sheet SMBprojected changes in respect to similar temperature anoma-
were carried out using the regional climate model MAR lies are GCM independent.
forced by climate change scenarios RCP 4.5 and RCP By using showfall and JJA 600 hPa temperature anoma-
8.5 and driven by the output of three GCMs from the lies from the forcing GCMs, we showed that the MAR-based
CMIP5 database. The GCMs have been chosen for theiSMB decrease at the scale of the whole ice sheet can be es-
ability to simulate the current climate (general circula- timated using only GCMs outputs. This coarse estimation
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