The Cryosphere, 7, 1:8, 2013 A
www.the-cryosphere.net/7/1/2013/ <€G’ The Cryosphere
doi:10.5194/tc-7-1-2013 _
© Author(s) 2013. CC Attribution 3.0 License.

Future projections of the Greenland ice sheet
energy balance driving the surface melt

B. Franco, X. Fettweis, and M. Erpicum
Département de Géographie, Université de Liege, Liége, Belgium

Correspondence tdB. Franco (bruno.franco@ulg.ac.be)

Received: 7 June 2012 — Published in The Cryosphere Discuss.: 4 July 2012
Revised: 30 November 2012 — Accepted: 4 December 2012 — Published: 2 January 2013

Abstract. In this study, simulations at 25 km resolution are 1 Introduction

performed over the Greenland ice sheet (GrlS) throughout

the 20th and 21st centuries, using the regional climate model

MAR forced by four RCP scenarios from three CMIP5 The significant increase of the surface meltipe, 2007,
global circulation models (GCMs), in order to investigate Hall et al, 2008 Tedesco et al2008 Fettweis et al.20113

the projected changes of the surface energy balance (SEgand corresponding meltwater runoff of the Greenland ice
components driving the surface melt. Analysis of 2000—2100sheet (GrIS) lanna et al.2005 Box et al, 2006 Fettweis

melt anomalies compared to melt results over 1980-1999 re2007 Ettema et al. 2009, which accounts for more than
veals an exponential relationship of the GriS surface melthalf of its recent mass lossdn den Broeke et al2009),

rate simulated by MAR to the near-surface air temperaturdS generally attributed to Arctic warmingox and Cohen
(TAS) anomalies, mainly due to the surface albedo positive2006 Hanna et al.2008 as a consequence of an increased
feedback associated with the extension of bare ice areas igoncentration of atmospheric greenhouse gases (GH& (
summer. On the GrlS margins, the future melt anomaliestweis 2007 Stroeve et a.2007 Hanna et a|.200§ 2009.

are preferentially driven by stronger sensible heat fluxes, in-Those parts of this surface freshwater flux that reach the bed
duced by enhanced warm air advection over the ice shee®f the ice sheet through crevasses and moulins may inter-
Over the central dry snow zone, the surface albedo positivéct locally with the surmounting ice sheet by increasing the
feedback induced by the increase in summer melt exceeddasal sliding of marine-terminating glacie@wally et al,

the negative feedback of heavier snowfall for TAS anomalies2002 van de Wal et a).2008 Sundal et al.2011). Com-
higher than 4C. In addition to the incoming longwave flux bined with the increasing velocity and discharge recently ob-
increase associated with the atmosphere warming, GCMmServed for such outlet glacier&ignot and Kanagaratngm
forced MAR simulations project an increase of the cloud 2006 Howat et al, 2008 Rignot et al, 2008, the surface
cover decreasing the ratio of the incoming shortwave ver-meltwater is projected to substantially accelerate GrlS mass
sus longwave radiation and dampening the albedo feedbackoss under a future warmer climatil¢ehl et al, 2007) and
However, it should be noted that this trend in the cloud covert0 increase sea levelL¢mke et al. 2007). However, major

is contrary to that simulated by ERA-Interim—forced MAR Uncertainties remain concerning these projectidsegory

for recent climate conditions, where the observed melt in-€t al, 2004 Cazenave2009.

crease since the 1990s seems mainly to be a consequence off he melt regime of the GrIS can be investigated by par-
more anticyclonic atmospheric conditions. Finally, no signif- titioning the energy available at the ice sheet surface to en-
icant change is projected in the length of the melt season@ble meltinto the components of the surface energy balance

which highlights the importance of solar radiation absorbed(SEB), for example using data from automatic weather sta-
by the ice sheet surface in the melt SEB. tions (AWS) combined with a SEB modelgn den Broeke

et al, 2008 2011). The incoming shortwave irradiance (i.e.
solar radiation) absorbed by the ice sheet surface is high-
lighted as the largest energy source for enabling the surface
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2 B. Franco et al.: Future projections of the Greenland ice sheet energy balance

melt in Greenland, mainly depending on the surface albeddi.e. the absorbed solar radiation, the longwave emission
and cloud covervan den Broeke et al2008. Indeed, the  from the ice sheet surface, and the turbulent fluxes of sensi-
surface albedo is closely linked to surface melt: while theble and latent heat) related to future near-surface air temper-
freshly fallen snow reflects most of the incoming solar radi- ature (TAS) increases, compared to the present-day climate
ation, the melt-induced lower albedo of the wet snow or the(gauged here over 1980-1999). Such an analysis makes it
bare ice allows more solar energy to be absorbed by the icpossible to highlight the different responses of the SEB com-
sheet surface, which amplifies the melt. Because of this posiponents to significant Greenland warming. Furthermore, as
tive feedback loop, the surface albedo appears to be the donthe GrlS SEB is here calculated during melt events only, this
inant driver of surface melt variability in the ablation zone of work aims to investigate the inter-annual and spatial contri-
the GrlIS yan den Broeke et aR008 Box etal, 2012 andis  bution of each SEB component to the anomalies of the net
believed to amplify the general warming in the Arctigr(d- energy flux available at the ice sheet surface to enable the
say and Zhang2005 Stroeve et a).2005. Such projected melt. Analysis of the projected precipitation, runoff of melt-
changes in climatological conditions are expected to affectwater and SMB of the GrIS will be part of a further study;
the surface melt of the GriI9eehl et al, 2007). Therefore, refer toFettweis et al(20123 on this issue.
partitioning the projected SEB alterations during melt in re- The MAR model and the simulations performed in this
sponse to a warmer climate over Greenland should offer arstudy are developed in Se@and then evaluated in Se&.
opportunity to investigate the projected GrlS melt regime andfor the present-day climate (1980-1999). Sectbis de-
perturbations therein. voted to the evaluation of the GrIS melt anomalies through-
Different scenarios of global warming produced by GCMs out the 21st century. The following Se&.and 6 analyse
(global circulation models) are available for investigations of the annual anomalies of the SEB components related to TAS
this issue, but the SEB (especially the surface albedo) in thehanges (compared to the present-day climate) and their spa-
GCMs is still found to be lacking in accuracy, mainly becausetial distribution over the GrlIS, respectively. Sectibfocuses
of inadequate parameterizatio®oesch et al.1999 Yoshi- on the surface albedo anomalies. In S&8ahe annual SEB
mori and Abe-Ouchi2012). However, regional climate mod- changes are also assessed over the bare ice area. Finally, this
els (RCMs), parameterized for polar regions and fully cou-study concludes with a short discussion of the results.
pled with a physical multi-layer snow model, are particularly
well designed to solve the SEB and to estimate the surface
melt of the GrIS at high spatial resolution (10-25 km). Given 2 Data and method
the lack of measurement on the scale of the entire ice sheet,
RCMs such as MARKettweis 2007 and RACMO2/GREt- 2.1 The MAR model
tema et al.2009 are the best tools for estimating the surface
mass balance (SMB) of the GrIS. Using reanalysis data a§he GrlS outputs used in this study were produced by
forcing fields at the lateral boundaries, they have satisfacthe regional climate model MAR (Modéle Atmosphérique
torily simulated the GrlS melt extent on a daily time scale Régional), fully coupled with the energy balance-based
with respect to microwave satelliteBdttweis et al.20113 snow model SISVAT (Soil Ice Snow Vegetation Atmosphere
and the SMB along the K-transeétréinco et al.2012), from Transfer) resolving the interactions between the atmosphere,
a stake array at 6N in southwest Greenland that extends the sea ice, the snow-covered tundra and the ice sheet sur-
from the ice sheet margin towards the central part (gge  face. Refer t@sallée and Schay€$994) andFettweis(2007)
de Wal et al.2005andvan den Broeke et al2008. RCMs for a detailed description of this model. The MAR ver-
forced by the outputs of future projections performed with sion used for this work was the same Bsttweis et al.
GCMs could be valuable in the process of assessing the Grif20113 with two exceptions: this study used a new tundra/ice
SEB changes induced by a warming of Greenland througtsheet mask based on the Greenland land surface classifica-
the 21st century. Such experiments have also demonstratatbn mask from Jason Boxhftp://bprc.osu.edu/wiki/Jason_
their importance for gauging the future GrIS contribution to Box_Datasefs and the smoothing process of tBamber
the global sea level rise (SLR), ashettweis et al(20115. et al. (200 based topography for ensuring numerical sta-
In this study, the MAR model is run over Greenland bility was reduced by a factor of two. Finally, the SISVAT
throughout the 20th and 21st centuries at a spatial resoluscheme is explained iDe Ridder and Gallé€1998, Gallée
tion of 25 km, according to different GHG concentrations and et al.(2001) andLefebre et al(2003.
forced by outputs produced by GCMs from the World Cli- The SISVAT snow-ice model (also used in cases of depo-
mate Research Programme’s (WCRP’s) Coupled Model Insition of snow on the tundra and the sea ice) is based on the
tercomparison Project phase 5 (CMIP5) multi-model dataseCEN (Centre d’Etudes de la Neige) snow model CROCUS
that was prepared for the Fifth Assessment Report of thegBrun et al, 1992, in which the snow metamorphism param-
Intergovernmental Panel on Climate Change (IPCC ARD).eterizations describe the snowpack according to its gradient
The MAR results are used to evaluate the GrlIS surface melbf temperature, its age, its density, and the shape and size of
anomalies and the changes of the different SEB componentthe snow grains. The snowpack vertical discretization allows
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for the accumulation of snow on a maximum of 20 snow lay- M and MIROC5) from the WCRP’s CMIP5 multi-model
ers. CROCUS snow metamorphism laws control the variabledataset prepared for the IPCC AR5, according to the out-
thickness and the evolution of the snowpack during the sim-puts from the Historical experiment (data availabldp://
ulation. A fresh snow layer is added to the snowpack whencmip-pcmdi.linl.gov/cmip9. MAR future projections of the
enough snow (1 mm of snowfall) is available. Both the runoff GrIS were also performed by using the 6 hourly CanESM2,
of excessive internal and accumulated surface meltwater andlorESM1-M and MIROCS outputs (as well as the daily SST
the drainage of excessive meltwater inside the snowpack arand SIC) from different CMIP5 representative concentration
derived fromZuo and Oerlemand996. MAR assumes the pathway (RCP) experiments as forcing fields. Refevitiss
formation of bare ice at the surface (with a density higheret al. (2010 for more details about the CMIP5 RCP exper-
than 900 kg m® and an albedo near 0.45) if the high density iments. The different MAR simulations over Greenland car-
melting snow (as flush) refreezes in winter for forming ice ried out in the framework of this study and the periods cov-
lenses or if the 10 m of snow prescribed at the beginning ofered by these simulations are listed in Tahle
the simulation have melted. Indeed, the CROCUS model re- These three CMIP5 GCMs have been chosen for their abil-
solves the first 10 m of the snowpack. If snow melt occurs andty to simulate the current climate over Greenland with re-
if the snowpack height is lower than 8 m in the snow model, spect to the ERA-Interim reanalysis over 1980-1986t{
an ice layer of 1 m is added at the bottom of the snow modeltweis et al, 20123. Using an automatic circulation classifi-
A similar rule is used in the RACMO2 moddEf{tema etal.  cation type, the present-day (1961-1990) atmospheric circu-
2010. lation simulated by CanESM2, NorESM1-M and MIROC5
The surface albedo is calculated according to the CROwas successfully compared with reanalysis datasets (espe-
CUS snow metamorphism lawBrun et al, 1992, as afunc-  cially during summer) over Greenland on a daily time scale
tion of the depth of the snowpack upon the ice or the tundra(Belleflamme et a).2012. Overland et al.(2011) classi-
the snow grain shape and size, the accumulated surface wéied these three models among the GCMs recommended to
ter height, the presence of bare ice or superimposed ice, thiorce RCMs at a high temporal resolution over Greenland.
cloudiness and the zenithal solar angle. Reféiei@bre etal.  Furthermore, MAR has already been forced satisfactorily by
(2003 for a detailed description of the albedo parameteriza-CanESM2 to perform current and future GrIS SMB simula-
tion in the SISVAT model. tions (Fettweis et al.20118. As highlighted byWalsh et al.
The surface albedo, incoming solar flux, melt extent and(2008, assessing the ability of the GCMs for the current cli-
near-surface air temperature from the MAR model have beemate is essential before making future projections.
successfully compared to satellite-derived observations over
Greenland and to measurements from the Greenland Climaté-3 Surface energy budget
Network (GC-Net) Eteffen and Box2001) AWS (Fettweis i
et al, 2005 20113 Tedesco et a201% Box et al, 2012. The net energy flux (NET) of the GrIS, representlng.the en-
MAR has been used to simulate the GrIS SMB since 1958 af'dYy available at the surface of the ice sheet for enabling melt,
a resolution of 25 kmRettweis 2007 Fettweis et al.20113 may be partitioned in the different physical processes (the
and since 1990 at a resolution of 15 krgnco et a|.2013,  SEB components):
producing very good estimations of the SMB with respect to 2
the K-transect measuremenali de Wal et aJ2005. More- NET = LWnet+ SWhet+ SHF+ LHF 4- Gs (Wm™) 1)
over, long-term MAR simulations of the GrlS SMB have al-
ready been performed for the 20th and 21st centufies- (
tweis et al, 20118.

where LWhet and SWet are the net longwave and shortwave
radiation fluxes, SHF and LHF the sensible and latent heat
fluxes, and G the subsurface conductive heat flux. RV
represents the longwave irradiance, calculated by the differ-
ence between the longwave downward (LWD) and longwave
upward (LWU) radiations. SWis the shortwave downward

In this study, the reference run was performed by the MAR; o so|ar energy) radiation flux (SWD) absorbed at the sur-
model running at a resolution of 25km, forced at the lat- ¢, depending on the surface albedo (ALB):

eral boundaries (with temperature, wind components and

specific humidity) every 6h by the ERA-Interim reanaly- SwWj,ei= SWD x (1—ALB) (Wm~2). 2)

sis from the European Centre for Medium-Range Weather

Forecasts (ECMWF) for present-day climate covering 1979— In this study, two other net shortwave radiation fluxes

2011. During the simulations, the daily sea surface temperaare also estimated by keeping either ALB or SWD con-

ture (SST) and sea-ice cover (SIC) were provided to SISVATstant throughout the investigated period, producingsga\WV

by the ECMWF reanalysis. (net shortwave flux with varying SWD and constant ALB)
Using the same setup, the MAR model was also runand SWy, (net shortwave flux with varying ALB and con-

over Greenland for the current climate, forced by the ERA-stant SWD), respectively. When oriented towards the surface,

40 reanalysis and by three GCMs (CanESM2, NorESM1-these fluxes are defined as positive and constitute an energy

2.2 Simulations

www.the-cryosphere.net/7/1/2013/ The Cryosphere, 7, 18, 2013


http://cmip-pcmdi.llnl.gov/cmip5/
http://cmip-pcmdi.llnl.gov/cmip5/

4

B. Franco et al.: Future projections of the Greenland ice sheet energy balance

Table 1.Forcing fields used to perform MAR simulations, scenario, covered period, and abbreviation of the simulations.

Forcing fields  Scenario Covered period  Abbreviation
ERA-Interim  — 1979-2011 MAR-ERf\
ERA-40 - 1979-1999 MAR-ERAy
CanESM2 Historical experiment  1979-2005 MAR-CANL
CanESM2 RCP4.5 2006-2100 MAR-CARN
CanESM2 RCP8.5 2006-2100 MAR-CARN
NorESM1 Historical experiment  1979-2005 MAR-NQ&o
NorESM1 RCP 2.6 2006-2100 MAR-NGR
NorESM1 RCP4.5 2006-2100 MAR-NQR
NorESM1 RCP 6.0 2006-2100 MAR-NQR
NorESM1 RCP8.5 2006-2100 MAR-NQR
MIROC5 Historical experiment  1979-2005 MAR-M}Rto
MIROC5 RCP4.5 2006-2100 MAR-MIR
MIROC5 RCP 8.5 2006-2100 MAR-MiR

source for melt. Therefore melt occurs if NET is positive. pixels on the basis of a daily averaged surface temperature
Finally, as G is simulated by MAR close to zero in the sub- near °C will miss such short-lived melt events.
surface ice sheet during melt, this SEB term will not be in- A daily melt threshold of 1 mm WE dayappears to be an
vestigated here. adequate compromise to highlight both the short-lived melt
events in the higher ice sheet and the surface albedo posi-
tive feedback associated with the extension of the bare ice
area during summer. Using a lower daily melt threshold (e.g.
0.1 mmWE day?) involves additional pixels from high-
In the framework of this study, those SEB components areglevation areas, for which only non-significant melt events
taken into account during ice sheet melt events only. Therepccur and which are hence almost unaffected by a decrease
fore, a mask of daily melt events (referred to below asof the surface albedo. These additional pixels greatly con-
MSKmer) is defined as the area where the daily average ovefribute to dampening the surface albedo positive feedback.
the investigated period of the melt rates produced by MARConversely, a melt threshold higher than 1 mm WE Yag-
simulations is greater than 1 mm WE dayUsing thismask,  sults in many short-lived melt events being missed and tends
the SEB components of the GrIS can be annually averagegb restrict the investigated area to the lower part of the ice
with respect to the mean occurrence of daily melt eventssheet. While the percentage of the annually cumulated daily
in each grid point. For example, M&{: calculated for the  melt extent resolved is decreasing very quickly with an in-
MAR-ERAn simulation over the 1980-1999 period resolves creasing melt threshold (see Fig. S1a), it still resolves the
93.63 % of the total annual melt from the GrIS (see Té)le |argest part of the total meltwater production of the GrIS
However, according to the forcing fields used to perform the(Fig. S1b).
MAR simulations, the related masks of daily melt events dif-  |n this study, all the annual anomalies of SEB compo-
fer slightly, especially towards the centre of the ice sheet. Thenents and other investigated variables provided by a MAR
parts of the GrIS area covered by the maximum extent (oCsimulation (present or future) refer to the 1980-1999 aver-
curring mid-July) of MSkneit for the different forcing fields  age over the 1980-1999 M$¥K; mask of the MAR simula-
over 1980-1999 and 2080-2099, as well as the part of théion performed with the same forcing fields. This implies that
total GrIS melt from each MAR simulation resolved by the MSKmeltis kept fixed throughout a simulated period, even for
1980-1999 specific mask, are summarized in Table the future projections, while in reality the melt area varies
However, it should be mentioned that such a mask basednnually and gradually spreads to higher elevations further
on average melt values includes pixels where melt doesnland on the GrlIS.
not occur every year, as in 1983 and 1992. Nevertheless, if An annually varying mask based on daily melt events not
the mask includes only the pixels where melt higher thanaveraged over a multi-annual period is more representative
1 mm WE occurs each year throughout the reference periodef the melt for a given year of simulation, but does not allow
it only resolves 46.64% of the GrIS melt for the MAR- intercomparison of the summers. Nevertheless, using such
ERAnt run, compared to 93.63 % with MSk. In addition,  a varying mask does not change our analysis developed in
melt can occur only a part of the day and then the surfacesect 5.
temperature can be negative during the night. Selecting the

2.4 Mask of daily melt events
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Table 2.Part (in %) of the GrlS area covered by the maximum extent of M§kand MSKe, and percentage of the total GrIS melt resolved

by the 19801999 mask (P&Li; and PCTce, respectively), according to the forcing fields of the MAR model. Msal{and MSK¢e have

been implemented over the 1980-1999 period for the present-day simulations, and over the 2080-2099 period for the future projections.
PCTmelt and PCTee have been calculated on the basis of the 1980-1999 jglind MSKce, respectively.

GrlIS area covered by a mask (%) and part of the GrIS melt resolved (%)

MAR-ERA|;t  MAR-ERA49 Greenland Ice sheet

MSKmelt (%) 59.74 61.30 B0Ox 106km?  1.80x 108 km?
MSKice (%) 4.96 4.01
PCTmelt (%) 93.63 93.27
PCTice (%) 12.74 10.12

MAR-CANisto —  MAR-CANys5 —  MAR-CANgs
MSKmelt (%) 59.08 - 90.59 - 100.00
MSKice (%) 4.84 - 16.48 - 30.90
PCTmelt (%) 93.19 - 84.66 - 74.69
PCTice (%) 19.15 - 10.55 - 7.13

MAR-NORpistc MAR-NORyg MAR-NORgs  MAR-NORgg  MAR-NORgs
MSKmert (%) 56.51 73.94 77.67 82.74 98.94
MSKice (%) 3.29 8.02 8.18 10.52 16.09
PCTmelt (%) 92.74 88.48 87.11 85.65 78.95
PCTice (%) 9.74 6.95 6.26 5.59 4.34

MAR-MIR pisto —  MAR-MIRy5 - MAR-MIRgs
MSKmelt (%) 63.67 - 85.35 - 100.00
MSKice (%) 4.98 - 11.76 - 25.05
PCTmelt (%) 93.74 - 87.59 - 78.68
PCTice (%) 14.02 - 9.06 - 5.99

In order to investigate the SEB component anomalies on This figure shows that the MAR model forced by ERA-
the GrlIS areas covered by bare ice, another daily mask wakterim is able to simulate the seasonal cycle of the SEB com-
implemented (defined here as M@X for each MAR simu-  ponents with respect to the AWS in the ablation and accumu-
lation, based on a daily melt rate higher than 1 mm WEday lation zones, and that the partitioning of the energy balance
and a daily surface snow density higher than 850k§m during melt conditions matches quite well the observations.
averaged over the 1980-1999 period. This new daily maskihe related monthly anomalies are generally less than one
MSKice is confined to the daily mean bare ice extent in the standard deviation over the investigated period. However,
ablation zone of the ice sheet and covers smaller areas thgpositive anomalies in the absorbed solar irradiance {W
MSKmelt (see Table for the parts of the total GrIS melt re- compared to the AWS data can be observed during summer
solved by the different MSi). (June—July—August), especially for the lower sites (S5 and
S6). This is due to the fact that the bare ice albedo in the
MAR model is 0.45 while it can reach values of 0.Xnép
and Oerlemand.996 Box et al, 2012 in the field when bare
ice appears, resulting in an overestimation of the modelled
SWhet Furthermore, as already mentionedHettweis et al.
(20113, MAR tends to slightly underestimate the downward
longwave irradiance, inducing underestimatedqYend air

3 Evaluation of the MAR simulations

In this section, the MAR-ER#\; outputs are firstly compared
over a 7-yr period (September 2003—August 2010) with ob-
servations from three AWS located along the K-transect

(West Greenland, a stake array along the 6 fatitude cir- temperature throughout the year. Nonetheless, some of these

cle), available invan den Broeke et al2011). The MAR . o
. . LWet anomalies are less than one standard deviation over
pixel closest to each AWS was selected to perform this com- . .
i . . ; the 7-yr period. The largest anomalies between MAR re-
parison (Figl). The AWS S5 is located at the ice sheet edge, . .
. . ) . sults and observations occur at S5, at the edge of the ice
S6 in the ablation zone and S9 in the accumulation zone. Re- ; . o ) .
fer to van de Wal et al(20059 andvan den Broeke et al sheet. Since this station is located on Russell Glacier (an ice

(2008 2017 for further details about the K-transect and the §heet promontory), the 25 km rgsolutlon of the MAR m_odel
AWS is not enough to reproduce it with accuracy, resulting in an

www.the-cryosphere.net/7/1/2013/ The Cryosphere, 7, 18, 2013
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L By comparing RCMs with spaceborne SMMR-SSM/I mi-
crowave data on a daily time scaleettweis et al(20113
andRae et al(2012 have highlighted that a reliable mod-
elling of the melt extent and intensity over the GrlIS is highly
dependent on the ability of the RCMs to partition the en-
ergy balance at the surface of the ice sheet. For example,
biases in the ratio SWD vs. LWD affect the occurrence of
the melt extent maximum. Consequently, it can be assumed
that an RCM able to reproduce the melt extent and intensity
of the GrlS is primarily able to partition the SEB with relia-
Jan | Feb | Mar | Apr | May ' Jun ' Jul | Aug ' Sep ' Oct | Nov ' Dec bility. That is why we have chosen in this study to evaluate
= — ; - = the different present-day MAR simulations performed with
5 —— e ERA-40 reanalysis and GCMs as forcing fields, by compar-
ing directly their melt outputs with MAR-ERg#: (presented
in Fig. 2) over 1980-1999. Melt anomalies with respect to
the reference MAR run in such a comparison should reflect
anomalies in the partitioning of the SEB.

The annual melt amounts from the GrlS simulated by the
different MAR runs, as well as the melt energy flux (NET)
and the different SEB components averaged over the 1980—
S 1999 MSkKnelt, are summarized in Tablg It appears that
0 Feb Mar Apr May dun Jul Aug Sep Oct Nov Dec the MAR model forced by the ERA-40 reanalysis and the

S9 o CMIP5 GCMs is able to reproduce the inter-annual MAR-
ERAnt variability (investigated here through the standard de-
viation) of the 1980-1999 GrIS melt. Moreover, the annual
melt trends are generally consistent between the different
MAR runs for this period, and the average biases are signif-
icantly lower than the MAR-ERA\ standard deviation. As-
sessing the averaged NET fluxes and SEB components over
the MSKnet specific to each MAR run generally leads to the
same conclusions (see Tal3e
Jan | Feb ' Mar ' Apr ' May ' Jun ' Jul ' Aug ' Sep ' Oct ' Nov ' Dec Figure 3 shows non-significant spatial differences (lower
Time (month) than 2 standard deviations) in the annual melt pattern sim-
ulated between the MAR-ERA and the other MAR runs
over 1980-1999. Furthermore, the skill scores of these sim-

ulated by the MAR model forced by the ERA-Interim reanalysis lati hich t lized t d
(in solid lines) over a 7-yr period (September 2003—August 2010)u,a lons, which represent a normalized root mean square de-

along the K-transect at sites S5, S6 and S9, with standard deviatio¥iation of the multi-annual averaged modelled field from the
over this period indicated by the error bars. Observations from theMulti-annual averaged MAR-ERA field rescaled between
AWS available invan den Broeke et a(2011) are drawn in dashed 0 and 1 (with 1 as the perfect match), are lower than the an-
lines. nual standard deviation skill score (0.73) of MAR-ERA

Refer to Franco et al.(2012 for more details about this
o _skill score methodology. The MAR-ER@ simulation shows
underestimation of the modelled turbulent heat fluxes du””gnegative anomalies in the western ablation zone (8,
summer. . _ because the ERA-40 reanalysis is colder in summer than
The surface albedo, incoming solar flux, melt extent andihe ERA-Interim. The discrepancies between our reference
near-surface air temperature from the MAR model haveyaR simulation (MAR-ERAn) and MAR-CANisto, MAR-
been successfully compared with satellite-derived observaNORhisto and MAR-MIRnisto are primarily caused by the
tions over Greenland and to measurements from the GC-NegcM piases with respect to the ERA-Interim over 1980—
AWS (Fettweis et al.2005 20113 Tedesco et 81201 Box 1999, CanESM2 is too warm in summer over the north-
et al, 2012. For exampleBox et al.(2012 used GC-Net \yestern ice sheet, and its atmospheric circulation does not
AWS observations to evaluate the accuracy of the surfacgnaple a sufficient moisture advection into this regiBet{
downward solar irradiance prpwded by ERA—Intenm—forced tweis et al, 20123. Therefore, MAR-CAMisto makes the
MAR over 2000-2010, revealing average monthly biases lesgare ice appear sooner (which enhances the melt) because of
than the specified GC-Net sensor error (15 Win the underestimation of precipitation in this part of the GriS
compared to MAR-ERA: (Fig. 3b). Conversely, CanESM2
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Table 3. Annual melt amount (th‘rl) of the GrIS over the 1980-1999 period from different MAR simulations, and the melt energy flux
(NET) and SEB components (WTA) averaged over the 1980-1999 MG specific to each MAR run.

MAR-ERAnt MAR-ERAz0 MAR-CANpisto MAR-NORhisto MAR-MIR histo

Melt (Gtyr—1) 455.25 435.14 42231 404.75 453.40
Stdev 93.36 98.22 116.44 63.31 103.79
Trend 4.08 6.16 8.65 0.61 3.56
NET (Wm~2) 20.84 19.56 21.02 18.42 21.41
Stdev 459 477 6.19 3.26 5.67
Trend 0.18 0.28 0.46 0.07 0.16
SWhet (Wm—2) 75.83 73.74 71.34 73.50 75.13
Stdev 4.97 4.89 6.44 4.40 6.37
Trend 0.20 0.22 0.36 0.09 0.04
LW et (Wm~2) —61.57 -60.37 ~57.10 —61.59 ~60.91
Stdev 2.12 2.10 2.28 2.39 3.02
Trend —0.06 0.01 0.00 0.00 0.09
SHF (W n12) 9.86 9.20 9.27 9.50 10.19
Stdev 1.03 1.00 2.11 1.27 1.67
Trend 0.04 0.03 0.09 ~0.04 0.02
LHFE (Wm~2) ~3.28 ~3.01 —2.50 —2.99 —3.00
Stdev 0.29 0.24 0.45 0.38 0.55
Trend 0.00 0.01 0.01 0.01 0.01

underestimates the air temperature in the southern GrlS, surrace meit (mmwe yr-?) NET energy flux (W m™2)
which explains the negative melt discrepancies in MAR|; ' 3

(Fig. 3b). Similarly, NorESM1-M is too cold in summer at
the MAR boundaries with respect to the ERA-InteriFet-
tweis et al, 20128, which causes the MAR model to sim-
ulate lower melting rates in the ablation zone than MAR-|
ERAnt (Fig. 3c). Finally, MIROCS5 underestimates (overes-
timates) the air temperature in the southern (northern) GriS,
inducing related negative (positive) melt anomalies in the
MAR-MIR histo results (Fig.3d). :
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4 Projected melt anomalies of the GrIS B =

0 — 0
MAR-ERAy,, (1980—1999) MAR-ERA,,, (1980-1999)

Exceptional melt events of the GrlS have been highlightedFig. 2. (a) Average annual melt (nm WEyF) of MAR-ERA ¢

with a focus on the close relationship between the meltover the 1980-1999 period. The surface height (m) is drawn in
and the near-surface air temperatures (TA®@pte, 2007 dashed line(b) Average net energy flux (W nf) available at the
Tedescp2007). The different MAR simulations performed Surface of the ice sheet for enabling the meltah

in this study (listed in Tabld) allow the assessment of the

response of GrIS meltwater production to a TAS increase, in-

dependent of the CMIP5 RCP scenarios. By comparing thenential relationship suggests that if melt rate is over- or un-
annual anomalies of total GrlS melt and summer TAS av-derestimated for the current climate, the melt response to air
eraged over the ice sheet throughout the present-day periodgmperature increases is different, as showRétyweis et al.
and the 21st century, it appeared that the increase of the arf20123.

nual melting rate is strongly correlatest & 0.943) but non- The projected Greenland warming also impacts the melt
linearly related to the TAS anomalies (Fi#p). In addition,  season. A comparison between the 1980-1999 MAR-
this relationship seems to be independent of the forcing fieldCANpisto and the 2080-2099 MAR-CAM and MAR-
used in this study, but all the MAR runs simulate compara-CANgs simulations reveals that the melt season is expected
ble melt rates for current climate conditions. Such an expo-o start approximately two weeks sooner at the end of the 21st
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Melt anomalies (mmWE yr~!) Melt anomalies (mmWE yr~!) Melt anomalies (mmWE yr~!) Melt anomalies (mmWE yr~!)
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Fig. 3. (@)Annual melt anomalies (mm WE yt) of MAR-ERA4g run compared to the MAR-ER/ simulation (see Fig2) over the 1980
1999 period. In the bottom right side of the view, in red, is the melt skill score of MAR-JgRAmMpared to MAR-ER#y;. (b—d) The same
as(a), but for the MAR-CANistor MAR-NORyisto and MAR-MIRysto Simulations.

century compared to the present-day climate and that signiffand warming and to estimate their relative contributions to
icant melt events could still occur from two to three weeks the increased GrlS melting rate induced by such tempera-
after the end of the present-day melt season (Fig. S2a). Thture changes. First the annual anomalies of the SEB com-
different factors explaining this offset will be developed fur- ponents to the 1980-1999 period are compared on K
ther in this study. However, the MAR model projects no sig- to the related TAS anomalies by using outputs from MAR,
nificant melt event during winter, even for the most extremeforced by CanESM2, NorESM1-M and MIROCS (Figg)
scenarios. for past simulations (1980-1999) and future projections

These GrlIS melting rates, increased due to higher tempert2080-2099). The same comparison is also carried out for
atures, are also attended by an enlarged melt area on the itke present-day climate modelled by MAR using the ERA-
sheet, as suggested by Fith, where the anomalies of an- Interim (1979-2011) and ERA-40 (1979-1999) reanalyses
nual mean temperature and annual cumulated melt extentss forcing fields (Figsb). The relative contributions of the
(obtained by summing throughout the year all the daily ar-SEB components to NET anomalies, and hence to GrIS melt
eas with melting rate higher than 1 mm WE ddyare highly ~ energy anomalies, are then estimated between the 2080—-2099
correlated £ = 0.968). According to Tabl@, the maximum  projections and the 1980-1999 results on the 1980-1999
GrIS melt extent covers the entire ice sheet at the end of thenasks of daily melt events (MSkci) (Table 4a). Figure5
21st century for the most pessimistic scenarios. Nonetheles@n MSKqmel: can be compared to the same experiment carried
the cumulated melt extents are rather linearly related to theut on an annually varying mask of melt events (Fig. S3).
TAS anomalies (Figdb), while the melting rate is gradually
amplified (Fig.4a). _ 5.1 Net shortwave flux (SWet)

Unlike the melt extent, the bare ice extent expands non-
linearly with increasing temperatureR & 0.920) (Fig.4c).

This suggests that the extension of the bare ice area resultir@CCOrdIng to the different future projections investigated

from the positive surface albedo feedback could be respon- ere (‘II'_abI(i4at)H more thf?g halfl_ of tthe 208072999(]' NbE-[h
sible for the amplified melt anomalies with increasing tem- anomalies to the present-day climale are explained by the

peratures in the future. Indeed, the albedo of melting snovaWnet Increase (53'13. %) simulated by MAR. The solar en_—
covered surface remains high 0.70), but drops when the ergy absorbed at the ice sheet surface has already been high-

bare ice appears (albedo-ef0.45) after the removing of the !Igh_ted as the ?c(;jmmant facto_r c?hntrolljllln? the melt \;atrr:ablllty ¢
winter snowpack. uring present-day summer in the ablation area of the west-

ern GrlS ¢an den Broeke et al2008 2011). Nevertheless,

partitioning this SEB component in S\W and SWyg (i.e.

5 SEB component contributions to melt anomalies SWhet calculated for the 2080-2099 period by keeping the
average 1980-1999 SWD and ALB constant, respectively)

Partitioning the net energy flux received at the surface ofreveals that the surface albedo anomalies contribute 65.12 %

the ice sheet during melt within the SEB components makedo the NET increase compared to the present-day climate,

it possible to investigate their different responses to Greenwhile the SWD decrease causes the influence of albedo to
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Fig. 4. (a) Annual melt anomalies (thrl) from the GrIS according to the annual near-surface air temperature anoniéljesar the

different MAR simulations forced by the reanalyses and the CMIP5 GCMs, with regression drawn in a solid black line. All the annual

anomalies are related to the 19801999 average outputs provided by MAR forced with the same forcirflp)fietgssame a&), but for the

annual anomalies of cumulated daily melt extentseq{l[ﬁ2 yr_l) on the GrlS, based on significant melt rates higher than 1 mm WE]day

(c) The same afb), but for the annual anomalies of cumulated daily bare ice extenfk®yr—1) on the GrlS.

be slightly lessened«{6.91 %). This means that the warmer of the non-linearity between the temperature and melting rate
the projected scenario, the more the surface albedo feedbaahanges over current climate (Figp): higher temperatures
is attenuated (Tabléa). Nonetheless, the average contribu- contribute to the decrease of the surface albedo by improving
tion of SWswg (—6.91 %) is almost non-significant compared snow metamorphism, and consequently snow grain growth
to the standard deviation of the SWcontribution (6.21%) (Wiscombe and Warrerl98Q Dozier et al, 1981), which
(see Tableta). in turn amplifies the net energy flux (through the increase of
The comparison of the annual SQY/and SW,g versus  absorbed solar radiation) available at the ice sheet surface to
the TAS anomalies simulated by MAR forced by different enable the melt. In addition, increasing temperature induces
CMIP5 scenarios (Figha) confirms that S\W/, is the most  heightened melt of the winter snowpack and then an early
sensitive SEB component to an increasing air temperatur@ppearance of the bare ice zone.
with a strong correlation (R 0.947) independent of the According to Fig.5a, SWD is projected to decrease
forcing fields used here. While the SW decrease is lin-  slightly with the TAS increase. Indeed, the MAR future pro-
early related to the TAS changeR £ —0.495), the positive  jections tend to reinforce the cloudiness over Greenland with
SWjyp anomalies are projected to be strongly amplified byrespect to future higher temperaturgs=£ 0.898), because
GrIS warming due to the positive feedback of the ice sheethere is more evaporation above the ocean, and the atmo-
albedo Box et al, 2012. This positive albedo feedback can sphere can contain more moisture, which decreases the solar
also be observed in the present-day simulations performedadiation passing through the atmosphere towards the sur-
by MAR forced with reanalyses (Fi§b), and explains most face (Fig. S4). But the MAR model forced by the ECMWF

www.the-cryosphere.net/7/1/2013/ The Cryosphere, 7, 18, 2013
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Table 4. (a) Relative contribution (%) of each SEB component to the NET anomalies of the 2080-2099 period compared to the 1980—
1999 period, according to the forcing fields. Each future projection was compared to the 1980-1999 average of the present-day simulation
performed with the same GCM as forcing fields, on the related 1980-1999,MSKb) The same as (a), but on the related 1980-1999
MSKjce-

(a) Relative contribution (%) of the SEB components on 1980—-1999 K

SWhet LWnet SHFE  LHF SWab  SWawd LWD  LWU

MAR-CANgs 56.37 11.45 26.49 5.69 66.69 —8.15 47.92 -36.46
MAR-CANgs 46.49 16.18 29.81 7.51 53.86 —9.44 40.31 -24.12
MAR-NORys  60.12 9.31 28.56 2.01 74.26 0.15 59.96-50.65
MAR-NORys 57.95 12.85 26.10 3.10 7155 —-3.32 59.51 46.67
MAR-NORgg  51.69  18.38 24.52 541 65.70 —8.21 62.73 —44.36
MAR-NORgs  43.21  23.82 26.23 6.74 56.39-11.50 59.64 —-35.82
MAR-MIR 45 58.97 1831 17.22 5.50 73.38 —6.16 57.08 -38.77
MAR-MIR g5 50.23 17.85 25.14 6.79 59.08 —8.61 45.15 -27.31
Mean 53.13 16.02 25.51 5.35 65.12 -6.91 54.04 -38.02
Stdev 6.21 4.64 3.77 1.89 7.89 3.72 8.34 9.18

(b) Relative contribution (%) of the SEB components on 1980-1999 MSK
SWhet LWhnet SHF  LHF SWib  SWswd LWD Lwu

MAR-CAN45 191 3162 5422 12.25 10.42 -5.48 3954 791
MAR-CANgs 0.37 30.94 5461 14.08 5.90 —4.06 36.94 —6.00
MAR-NORyg  10.26  25.07 56.23 8.45 18.37 —0.53 32.77 —-7.70
MAR-NORys5  13.45 25.11 53.92 7.52 16.88 3.77 32.95-7.84
MAR-NORgg 446 33.28 5112 1114 14.28 —4.60 41.20 —-7.92
MAR-NORgs —3.30 37.71 5210 13.49 9.89 —-9.54 4542 -7.71
MAR-MIR 45 22.14 2641 39.12 12.34 20.79 8.28 33.31-6.91
MAR-MIR g5 3.66 31.88 5036 14.11 9.82 -3.71 38.27 —6.40
Mean 6.62 30.25 5146 11.67 13.30 -1.99 37.55 —7.30
Stdev 8.23 4.44 5.35 2.50 5.10 5.66 451 0.76

reanalyses instead simulates increased SWD with positiveents a significant energy source during the melt season (
TAS anomalies (Fig5b), due to a reduced cloud cover ob- den Broeke et al.2008 2011). Figure5a suggests that the
served in the present-day climate over Greenland induce@&HF changes from the GrIS are gradually strengthened with
by more persistent anticyclonic circulations during the re-the increasing temperatur® & 0.911), as also observed for
cent summersgox et al, 2012 Hanna et a].2012 Overland  the present-day climate modelled by reanalyses-forced MAR
et al, 2012. These observed changes in the general circula{Fig. 5b). This is mainly due to the enhancement of warm air
tion linked to the North Atlantic Oscillation (NAO) are nev- advection induced by the large-scale atmospheric circulation,
ertheless not simulated by the CMIP5 GCMgelleflamme  occurring in marginal parts of the GrlS under a warmer cli-
et al, 2012 Fettweis et al.2012h, which explains the op- mate.

posite trends between SWD and TAS since 1979 (biy. Furthermore, in the western part of Greenland, barrier
b). Consequently, the MAR simulations performed with the winds driven by the horizontal gradient of air temperature
CMIP5 GCMs as forcing fields underestimate the impact ofbetween the tundra and the GrlS can be advected eastwards
the surface albedo feedback (and hence the current melt iman the ice sheet by the south-westerly large-scale flow, con-
creasefettweis et al.2012h with respect to the reanalyses- tributing to the transport of warm air on the ice sheet surface
forced MAR runs for the same TAS increase (see the dashednd consequently enhancing SHRaI§ den Broeke and Gal-

and solid purple lines, respectively, in Fih). lée 1996. As the tundra is projected to warm more rapidly
than the surrounding ice sheet (Fig. S5a-d), the thermal
5.2 Sensible heat flux (SHF) contrast would be strengthened, resulting in stronger barrier

winds along the edge of the ice sheet (Fig. S5e—h) and then

The second most important contribution in the SEB changeéwnezrt]ereﬁga”nsced warm air advection over the surface of the
i ided by th itive SHF lies (25.51 % - o . " .
IS proviced by the postive anomalies ( ), as pre The SHF increase with respect to positive TAS anomalies

sented in Tableda. Indeed, as the temperature inversions.

are almost persistent over the GrlS, SHF generally repre!S less important than S\ (Fig. 5), because SHF depends
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Fig. 5. (a) SEB component anomalies (WTf) from the GrIS according to the near-surface air temperature anomG@s$ar the MAR
simulations forced by CMIP5 GCMs, with regressions drawn in solid lines. All the anomalies are related to the 1980-1999 average outputs
provided by MAR forced with the same forcing fields on the 1980-1999 M&K(b) The same a&), but for the MAR simulations forced

by the ERA-Interim and ERA-40 reanalyses, with the regressions fadarawn in dashed lines.

strongly on air temperature gradients, and the ice sheet surespect to the positive TAS anomaligg£ 0.877), as drawn
face rises rapidly from the margins towards the centre, im-in Fig. 5a and b. Nevertheless, higher temperatures warm the
peding the warm air from penetrating further inland. More- surface and then enhance the longwave radiation emitted by
over, positive SHF anomalies (due to increased warm air adthe surface (LWU) R = —0.992), partly counterbalancing the
vection) add more melt energy to the ice sheet surface, whicltWD anomalies and hence impeding a large léféhcrease.
in turn reduces the albedo and then contributes to strength- According to the MAR outputs, the LWD and LWU
ening the absorbed solar radiation (g However, SHF  anomalies are generally in balance over MslKfor small
appears to be the SEB component with the highest relaTAS changes lower than *Z (Fig. 5a and b). For a larger
tive increase between the 1980-1999 and 2080-2099 periwarming, the pixels where melt occurs every time of the
ods (Table S1 in Supplementary Materials): from +39.89 today are more frequent. Given that the surface temperature
+211.79 % of SHF anomalies according to the RCP scenariopf melting snow is limited to OC, higher temperatures do
compared to an increase from +10.85 to +42.94 % for thenot increase LWU, while the incoming longwave radiation
SWhet (LWD) carries on to be enhanced by a warmer atmosphere,
resulting in more positive L\j4; anomalies.

5.3 Netlongwave flux (LWhet)
5.4 Latent heat flux (LHF)

The increased L\AL; represents a rather limited contribution

to the projected NET anomalies (16.02 %), mainly because-inally, the contribution of LHF changes induced by higher
the positive LWD anomalies (54.04 %) are partly counterbal-air temperaturesk = 0.744) to the NET increase by the end
anced by the reinforced LWUH38.02 %) (Tablela). Indeed,  of the 21st century would be almost negligible compared to
as the atmosphere is warmer and the cloudiness increases, ttiee other SEB components (5.35%). LHF is generally de-
longwave radiation towards the surface is strengthened witlined as an energy source around the GrIS margins during
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melt but, in contrast, as an energy sink in the centre parts othe present-day climat&érreze et al2007 Comiso et al.

the ice sheetvan den Broeke et al2008. Indeed, the little 2008, enhances the warm air advection in the border parts
moisture contained in the air over the central GrlS enableof Greenland, especially along the northern coast. Conse-
evaporation and sublimation and hence contributes to reducguently, the SHF increase related to projected GrIS warming
ing the melt energy at the surface, while areas around the ices expected to strengthen the melt intensity in the ablation
sheet margins are characterized by a warmer air generallgone of the present-day climate, but unlike the reduced sur-
containing more moisture, so that LHF adds to energy availface albedo would not significantly contribute to enlarging
able for surface melt in the border regions of the ice sheet. the melt extent in the future.

According to Table3, LHF averaged over MSiei: ap- To a lesser extent, the NET changes along the western
pears to be an energy sink during the present-day climateand northern GrIS margins are also due to small positive
but Fig.5 shows positive LHF anomalies with increasing air LW et anomalies (Fig.6¢c). As explained previously, the
temperatures simulated by the MAR model. These resultd WD strengthening over the GrIS (Figg) is not entirely
suggest that LHF is expected to become less of an energgounterbalanced by the increased LWU (Fh) in the bor-
sink in a future warmer climate and to turn eventually into ander areas where days without night refreezing are already
average energy source over M@, mainly because of the modelled over 1980-1999.
projected warmer air and the significant addition of moisture The projected spatial LHF changes (not shown here) are
brought to the low-elevation ice sheet. confined to within=10 W mi~2, and hence can be considered

as an almost negligible contribution to the increased melt en-

ergy compared to the other SEB components.
6 Spatial distribution of SEB component anomalies Projected changes in precipitation regimes in Greenland

also influence the spatial distribution of the SEB component
A spatial comparison between the 2080-2099 MAR-GAN anomalies. Although the future simulations produce heavier
and 1980-1999 MAR-CANsto Simulations reveals that the winter snowfall (Fig. S2d), during the melt season the pro-
projected highest NET anomalies (up to +80 Wanwhich  jected snowfall (temporally increasing the surface albedo) is
represents an increase by more than 150 % of the 1980-19%8ighly reduced, and the rainfall strongly increased compared
NET) are essentially located in the western and northern borto the present-day climate (Fig. S2d). However, these precip-
der areas of the GrIS (Figa). itation anomalies are not homogeneously distributed over the

According to Fig.6, these large marginal anomalies are GrlS: while the annual snowfall is mainly strengthened in the
mainly due to the increased S\ and particularly by the central parts of the ice sheet (Fig. S6a, e), significant parts of
decreased albedo (evaluated here throughy§Vih areas  the snowfall in south Greenland are turned into heavy rainfall
where higher melting rates cause the appearance of bare i¢€ig. S6b, f). Such increased rainfall contributes to lowering
(as shown in Fig6b, e, f). Therefore, the strongest projected the surface albedo (see Setand Fig. S2c, d).

NET anomalies occur in areas where the bare ice is projected

to appear and which are covered by snow in the present-day

climate. This explains why most of the changes are not lo-7 Surface albedo

cated in the closest vicinity of the ice sheet margin, which is

already covered for part of the time by bare ice in the presentAs already highlighted in SectS.and6, the summer surface
day climate. albedo is projected to be strongly reduced in the present-day

Figure 6 also shows that the equilibrium line alti- percolation zone of the GrIS by up t€0.20 for 2080-2099
tude (ELA) from 2080-2099 MAR-CAR simulations is  compared with 1980-1999 (Fig. S7). According to the MAR
strongly pushed aside towards the centre of the ice sheet, efuture simulations, the surface albedo decrease over MK
pecially in the western and northern parts of Greenland. Thisnduced by the projected Greenland warming (Fig. S8a) is
comparison highlights that the accumulation zone locatedalso amplified by fewer snowfall events and more rainfall
near the present-day ELA could turn into an ablation zone.events (Fig. S8b, c¢). This results in an enlargement of the
Conversely, the offset of the 2080-2099 ELA along the eastarea covered by lower-albedo bare ice in the place of higher-
ern GrIS margin is quite limited by the huge topography of albedo dry/melting snow, which enhances surface solar heat-
these areas (and hence by the strong horizontal gradients @fig and accelerates melt.
temperature), impeding the ablation zone from significantly The summer surface albedo over the central GrIS is inves-
spreading further inland over the ice sheet. tigated for the dry snow zone, which is limited here to pixels

As mentioned previously, the projected SHF anomalieshigher than 2000 m elevation and to areas where the annual
contribute significantly to the 2080-2099 NET increase overmelt averaged over 1980-1999 is lower than 5 mm WE (de-
the GrIS (Tableda). Nevertheless, this contribution is essen- fined here as MSlgnirgd. Over this mask, the MAR model
tially confined to the present-day ablation zone (Fad). simulates positive surface albedo anomalies with increasing
Moreover, the projected decrease of the sea ice concentraticlemperatures compared to the 1980-1999 results {&g.
in the Arctic region Stendel et a) 2009, already observed in  due to heavier modelled snowfall over the central ice sheet
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Fig. 6. (a) Net energy flux (NET) anomalies (W™4) of the 2080—2099 MAR-CARs simulation over the GrlS, compared to the 1980
1999 MAR-CANisto Simulation, on the 1980-1999 MG . The equilibrium line altitude (ELA) of the 1980-1999 MAR-CAfo and
2080-2099 MAR-CANs simulations are drawn in a solid green line and a solid blue line, respecifely) The same aéa), but for the
SEB component anomalies (WTA).

(Fig. 7b) (Box et al, 2019. Indeed, more frequent snow bare ice areas quite different to that simulated over the melt

depositions induced by higher temperatures over Mae  areas (see Sed). Therefore, the response of the SEB com-

lead to a rise in the surface albedo of the GrIS. However,ponents to GrIS warming is investigated here for the bare ice

larger Greenland warming (higher than 1@ in the cen-  areas specifically, by carrying out the same experiment as in

tral ice sheet would enable the surface melt, which decreaseSect.5, but on the 1980-1999 MS¢, taking into account

the surface albedo (Figic). Such enhanced surface melt the melting bare ice area only.

rapidly counterbalances the albedo increase induced by heav- The contribution of the S\ anomalies to the NET

ier snowfall, and eventually surpasses the snowfall negativ080—2099 anomalies is strongly reduced on MSKrom

feedback for larger TAS anomalies (more tha&tC} by low- 53.13% to 6.62 %), because the surface albedo of the mean

ering the surface albedo. Nonetheless, the projected 2080present-day melting bare ice extent has already reached its

2099 surface albedo anomalies with respect to 1980-199&ninimum in the present-day climate. According to Fgj.

are non-significant (lower than 0.05) over the central icethe influence of the reduced surface albedo (evaluated here

sheet. through SWp) on the positive SM\s: anomalies over the
bare ice progressively decreases with increasing temperature,
and tends to stabilize for TAS anomalies higher thariG2

8 SEB component anomalies over bare ice area compared to 1980-1999.

) ) As the surface temperature on the bare ice zone is already

The strengthened anomalies of the bare ice extent havgmited to 0°C over the current climate, the low increase of

been proven very important to explaining the non-linearity |sngwave emission from the surface (LWU) due to the pos-

between the simulated melt and temperature increase (S§ye TAS anomalies does not counterbalance the enhanced

Sect.4). Furthermore, the spatial distribution assessment ofj \wp (Fig. 8), making the positive LWet anomalies the
the SEB component anomalies suggested behaviour over the

www.the-cryosphere.net/7/1/2013/ The Cryosphere, 7, 18, 2013
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Fig. 7. (a)Summer (from May to September) surface albedo anomalies according to the summer near-surface air temperature @pmalies (
over the central ice sheet (MSkntre for the MAR simulations forced by the reanalyses and the CMIP5 GCMs, with regression drawn in

a solid black line. All the summer anomalies are related to the 1980-1999 average outputs provided by MAR forced with the same forcing
fields. (b) The same a), but for the summer snowfall anomalies (Gty) on MSKeentre (C) The same agb), but for the summer melt
anomalies (Gtyrl) on MSKeentre

second most important contribution (30.25 %) to the 20809 Conclusion and discussion
2099 NET increase on the bare ice extent compared to 1980—

1999 (Tabletb). In this study, MAR simulations forced by CMIP5 GCMs

According to Fig.8, the warm air advection (and he_nce CanESM2, NorESM1-M and MIROCS5) with respect to dif-
SHF) appears as the dominant process (51.46 %) leading t rent RCP scenarios have been performed to assess the SEB

NET response to temperature increase over the bare ice ex:

hiahliahted for th i den Broek hanges of the GrlS related to Greenland warming. As MAR
tent, as highlighted for the current climate\mn den Broeke is only based on physical parameterizations, investigations
et al.(2008 2011).

. . I . of the GrIS and its SEB in a warmer climate based on model
Finally, the relative contribution of LHF anomalies to

. o . simulations are easier (but are computationally expensive),
the 2080-2099 NET increase is higher on the bare ice ex: i ; o
. as opposed to when statistics are compiled specifically for
tent (11.67 %) than on the entire melt extent (5.35%) of Pb P P y

he GrIS d by Fi d to Fid5. B the current climate. By assessing the anomalies relative to
the GrlS, as suggested by Fifi.compared to Fig. Be- present-day climate, the investigated relationships between

cause the warmer air over the marginal parts of the IcetFEe SEB components and air temperature changes have been

sheet s_hou(;d cct)_ntaln morz_ mot'StE[Jr:e ((:d'\L/J“eP;oRagPenhance ade independent of the forcing fields or the future scenarios
warm air advection) according to the scenar-Ofglobal warming used for this work.

Il:())S’ I__HFl\l/lsSprOje(.:tﬁ(.j to de.crease more raplﬁlly over Lhe The MAR future projections have revealed a strong expo-
are ice (MSkee) with increasing temperatures than over the nential relationship between the GrIS near-surface air tem-

MSKmeit as a whole. perature and the surface melt. While the melt extent is
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Fig. 8. The same as Fid, but on the 1980-1999 MSke.

projected to spread towards the central ice sheet linearly t@ause they are required as forcing fields in MAR to perform
TAS warming, the increase of bare ice extent (i.e. the ablafuture projections of the GrIS. Indeed, a GCM that fails to
tion zone) is amplified, which affects the albedo, which in simulate the present-day atmospheric circulation will lack in
turn affects the melt. reliability in future projections. That CanESM2, NorESM1-
The surface albedo is the component most strongly senM and MIROCS have been proven to be able to reproduce
sitive to an increase in temperature, gradually amplifyingthe current climate over Greenland allows the MAR model
the amount of incoming shortwave radiation fluxes absorbedo provide reliable estimations of the GrIS melt over 1980—
by the ice sheet surface. Nevertheless, along the margins df999 with respect to the ECMWF-forced simulation. Nev-
the ice sheet (especially on the west side), the increase ddrtheless, the GCMs are not able to model atmospheric cir-
melt energy is primarily driven by the SHF anomalies due toculation changes observed recently over Greenland that are
stronger warm air advection, partly induced by enhanced barlinked with a decrease of cloudiness in summer. This results
rier winds bringing more heat and moisture to the ice sheetin SWD trends (inversely correlated to LWD) over 1980—
Over central parts of the GrlIS, the summer surface albedo i4999 that are opposite to those provided by MAR forced with
projected to be enhanced by heavier snowfall, but the melECMWF reanalyses. Such current biases are a source of un-
enabled for larger TAS increases eventually surpasses theertainty in future simulations.
snowfall feedback by lowering the surface albedo. The lim- Despite the use of different RCP scenarios and different
ited surface temperature of the melting snow@) gener- CMIP5 GCMs as forcing fields to perform the future pro-
ally impedes the longwave surface emission (LWU) anoma-jections of the GrlS, the MAR model has produced out-
lies to counterbalance the increasing LWD due to warmerputs (melt, TAS, SEB components) with consistent anoma-
atmosphere and larger cloud cover, which leads to positivdies relative to the present-day simulations. Such consis-
LW et changes related to a Greenland warming. The LHFtency is essential for formulating reliable relationships be-
anomalies are not expected to be a significant contributor tdween the melt, the SEB components and the air temperature
the NET increase under a warmer climate over the GrIS.  anomalies. However, the GCMs used as forcing fields gen-
The ability of CMIP5 GCMs to reproduce the current cli- erally constitute the largest part of uncertainty in perform-
mate over Greenland with accuracy is very important, be-ing future simulations of the GrlSGraversen et 312011,
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Yoshimori and Abe-OuchR012. In addition, consistent re- Box, J. E., Fettweis, X., Stroeve, J. C., Tedesco, M., Hall, D. K.,

sults related to a specific change of air temperature can only and Steffen, K.: Greenland ice sheet albedo feedback: thermo-

be obtained by forcing the MAR model with GCMs that are ~ dynamics and atmospheric drivers, The Cryosphere, 6, 821-839,

able to efficiently model the present-day climate over Green- d0i:10.5194/tc-6-821-2012012. .

land. If GCMs are either too cold or too warm for the current Brun: E., E?avud, P., Sudul, M., and BL“”?L G A ”‘_Jme:'cal TOdi'

climate, the response of the melt will be different for a spe- © Simuiate snowcover stratigraphy for operational avalanche
o . forecasting, J. Glaciol., 38, 13-22, 1992.

cific temperature increase, because the melt rate changes K

dri by the ai i di %zenave, A.: How fast are the ice sheets melting?, Science, 314,
riven by the air temperature anomalies according to a non- 1250-1252¢l0i10.1126/science.1133325006.

linear (exponential) relationship. Comiso, C., Parkinson, C. L., Gerttsen, R., and Stock, L.: Acceler-

Because the SEB and its changes lead the melt of the GrIS, ated decline in the Arctic sea ice cover, Geophys. Res. Lett., 35,
it is of primary importance to investigate the responses of the 1.01703,doi:10.1029/2007GL031972008.
runoff of meltwater and the SMB to increasing temperaturesDe Ridder, K. and Gallée, H.: Land surface-induced
over Greenland. This will be the topic of a further study (see regional ~ climate change in  Southern lIsrael, J.
Fettweis et a].20123. Appl.  Meteorol., 37, 1470-1485, doi:10.1175/1520-

0450(1998)037<1470:LSIRCC>2.0.CO1D98.
Dozier, J., Schneider, S. R., and McGinnis, D. F.: Effect of grain-

Supplementary material related to this article is size and snowpack water equivalence on visible and near-infrared
available online at: http://www.the-cryosphere.net/7/1/ satellite-observations of snow, Water Resour. Res., 17, 1213~
2013/tc-7-1-2013-supplement.pdf 1221,d0i:10.1029/WR017i004p01213981.
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