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1. Introduction

The Surface Mass Balance (SMB) can be seen, in first approxim ation, as the w ater m ass 
gained by the w inter snowfall accum ulation m inus the m ass lost by the m eltw ater run-off 
in summer. The m ass gain from rainfall as well as the m ass loss from erosion from the 
net w ater fluxes (the sum  of the evaporation, sublim ation, deposition and condensation) 
and from the w ind (blowing snow) are negligible in the SMB equation of the Greenland 
lee Sheet (GrlS) com pared to the snowfall and the m elt (B oxetal., 2004). The ice sheet 
mass balance takes also into account the m ass loss from  iceberg calving. Consequences 
of a w arm er climate on the Greenland ice sheet SMB will be a thickening inland, due to 
increased solid precipitation, and a thinning at the Greenland ice sheet periphery, due to an 
increasing surface melt. A climatic w arm ing increases the snow  and ice m elting in sum m er 
b u t it enhances also evaporation above the ocean. This leads to higher m oisture transport 
inland and, consequently, higher precipitation. The response of the iceberg calving to the 
climate change could be an acceleration of the glacier flow (Nick et al., 2009; Zwally et al., 
2002) bu t these projections are very uncertain (Sundal et al., 2011) and a lot of developm ents 
are still needed in the glaciology m odels for im proving our know ledge and m odelling of the 
Greenland ice sheet dynam ics. That is w hy w e will focus our study only on the SMB of the 
Greenland ice sheet.
The IPCC (Intergovernm ental Panel on Climate Change) projects, in response to global 
w arm ing induced by hum an activities, that the run-off increase will exceed the precipitation 
increase and therefore that the currently observed surface m elting of the Greenland ice 
sheet (Fettweis et al., 2011b; Tedesco et al., 2011; Van den Broeke et al., 2009) will continue 
and intensify during  the next decades (IPCC, 2007). An increasing freshw ater flux from 
the Greenland ice sheet melting could perturb  the therm ohaline circulation (by reducing 
the density contrast driving this last one) in the N orth Atlantic including the drift which 
tem pers the European climate. In addition, an enduring Greenland ice sheet melting, 
com bined w ith  the therm al expansion of the oceans and the m elt of continental glaciers, 
w ill raise the sea level w ith  w ell-know n consequences for countries such as the N etherlands, 
Bangladesh,... The contribution of the Greenland ice sheet SMB decrease to the sea level rise 
is currently evaluated to be 5-10 cm by 2100 (Gregory and Huybrechts, 2006; Fettweis et al.,
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2008; Franco et al., 2011; IPCC, 2007; M ernild et al., 2010). However, despite their im portance 
for the global climate, large uncertainties rem ain in these estim ations because m ost of the 
current studies are based m ainly on ou tputs from  atm osphere-ocean general circulation 
m odels (called hereafter global m odels) not well suited to the polar regions and w ith a typical 
horizontal resolution of 300 km  w hile the w id th  of the ablation zone is lower than 100km.
In response to these uncertainties, the regional m odelling is the ideal tool to provide 
som e m ore precise answ ers to understand and quantify how  the Greenland ice sheet 
SMB will respond to climate change. In particular, the regional climate m odel MAR 
(for Modèle Atmosphérique Régional) fully coupled w ith  a snow  m odel and extensively 
validated to sim ulate the SMB of the Greenland ice sheet (Fettweis et al., 2005; Fettweis, 
2007; Fettweis e ta l., 2011b; L efebreet al., 2003; 2005), is designated to study  the Greenland 
climate at high resolution (25 km), w ith a physic developed for and well adapted  to polar 
regions. Until now, the only future projections at high-resolution of the Greenland ice 
sheet SMB have been carried out w ith  m odels not taking into account the atm osphere-snow  
feedbacks occurring above the m elt area as the well know n surface albedo positive feedback 
(M ernild et al., 2008; 2010). Therefore, w e propose here to carry out future projections of 
Greenland climate w ith  the MAR m odel coupled w ith  a snow  m odel and forced by two 
scenarios of greenhouse gas emissions m ade for the next IPCC assessm ent report (AR5). This 
w ork fits in the ICE2SEA project (h t tp : / /w w w .ice2sea.eu) of the 7th Fram ework Program  
(FP7) w hich aims to im prove the projections of the continental ice m elting contribution to sea 
level rise.
After a brief description in Sect. 2 of the regional m odel w e used, Sect. 3 evaluates, 
by com parison w ith  the reanalysis and other IPCC AR5 global m odels (see Table 1), the 
global m odel CanESM2 w hich is used for forcing the MAR future projections. Sect. 4 
validates the CanESM2-forced MAR sim ulation over the current climate (1970-1999) in respect 
to the ERA-40 forced MAR simulation. Future SMB projections of CanESM2-forced MAR 
sim ulations are analysed in Sect. 5. Finally, future projections of sea level rise com ing from 
the Greenland ice sheet SMB decrease are given in Sect. 6.

2. Data

The m odel used here is the regional climate m odel MAR coupled to the 1-D Surface Vegetation 
A tm osphere Transfer scheme SISVAT (Soil lee Snow Vegetation A tm osphere Transfer) 
(Gallée and Schayes, 1994). The snow-ice p art of SISVAT, based on the CEN (Centre d'Etudes de 
ia Neige) snow  m odel called CROCUS (Brun et al., 1992), is a one-dim ensional m ulti-layered 
energy balance m odel that determ ines the exchanges between the sea ice, the ice sheet surface, 
the snow-covered tundra, and the atm osphere. It consists of a therm odynam ic m odule, a 
w ater balance m odule taking into account the m eltw ater refreezing, a turbulence m odule, a 
snow  m etam orphism  m odule, a snow /ice  discretization m odule, and an integrated surface 
albedo m odule (Gallée et al., 2001). The blow ing snow  model, currently under developm ent, 
is not yet used here. SISVAT does not contain an ice dynam ics module. Therefore, a fixed ice 
sheet m ask (i.e. a fixed land surface classification of the pixels representing the Greenland 
ice sheet) and topography are assum ed for sim ulating both current and future climates. 
This explains w hy we only present here the SMB and not the ice sheet m ass balance of the 
Greenland ice sheet.
The MAR version used here is the one from  Fettweis et al. (2011b) calibrated to best com pare 
w ith  the satellite derived m elt extent over 1979-2009. Com pared to the set-up of Fettweis et al. 
(2005; 2011b), a new  tu n d ra /ice  m ask is used here based on the Greenland land surface

http://www.ice2sea.eu
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classification m ask from  Jason Box (h ttp ://b p rc .osu.edu/w iki/Jason_B ox_D atasets) and the 
filtering of the B am bere ta l. (2001) based topography is reduced by a factor two. The 
integration dom ain (shown in green in Fig. 1) as well as the spatial resolution (25 km) are 
the same than in Fettweis et al. (2005).
For studying the current climate, the ERA-40 reanalysis (1958-1999) and after that the 
ERA-INTERIM reanalysis (2000-2010) from the European Centre for M edium  Range Weather 
Forecasts (ECMWF) are used to initialize the meteorological fields at the beginning of the 
MAR sim ulation in September 1957 and to force every 6 hours the MAR lateral boundaries 
w ith  tem perature, specific hum idity  and w ind com ponents during  the simulation. The 
Sea Surface Tem perature and the sea-ice cover are also prescribed by the reanalysis. No 
corrections are applied to the MAR outputs.

M odel ID Institutes, Country
BCC-CSM1-1 
CanESM2 
CNRM-CM5

GISS-E2 
HadGEM2-ES 
INMCM4
IPSL-CM5A-LR Institut Pierre Simon Laplace, France

Beijing Climate Center, China
C anadian Centre for Climate M odelling and Analysis, Canada
Centre N ational de Recherches M étéorologiques et Centre Europeen
de Recherche et Form ation Avancées en Calcul Scientifique, France
NASA G oddard Institute for Space Studies, USA
M et Office H adley Centre, UK
Institute for Num erical M athematics, Russia

Table 1. List of the seven IPCC AR5 global m odels available in June 2011 and used in this 
paper. These ou tpu ts are provided by the World Climate Research Program m e's (WCRP's) 
C oupled M odel Intercom parison Project phase 5 (CMIP5) m ulti-m odel dataset 
(h ttp :/ /  cmip-pcmdi.llnl.gov /  cmip5).

For com puting future projections, w e use the 6 hourly ou tpu ts of CanESM2 (see Table 2). The 
daily sea surface tem perature and sea ice cover from  CanESM2 are used to force the ocean 
surface conditions in SISVAT. The CanESM2-forced MAR sim ulation starts in September 1964 
and lasts till December 2005 w ith  the ou tpu ts from the H istorical experim ent (representing the 
current climate). The MAR future projections (2006-2100) use the CanESM2 outputs from two 
new  scenarios (called RCP for Representative Concentration Pathways) of greenhouse gases 
concentration that will be used in the next IPCC report:

• RCP 4.5: m id-range scenario corresponding to a radiative forcing of +4.5 w /m 2 at 
stabilization in 2100. This scenario corresponds to an increase of the atm ospheric 
greenhouse gas concentration during  the 21st century to a level of 850 CO2 equivalent 
p.p.m . by 2100.

• RCP 8.5: pessimistic scenario corresponding to a radiative forcing of > +8.5 w /m 2 in 2100. 
This scenario corresponds to an increase of the atm ospheric greenhouse gas concentration 
during  the 21st century to a level of > 1370 CO2 equivalent p.p.m . by 2100.

We refer to Moss et al. (2010) for m ore details about the RCP scenarios.

3. Comparison of CanESM2 with other IPCC AR5 models

The aim of this section is to gauge the ability of the IPCC AR5 global m odels to reproduce 
the present-day climate conditions over Greenland. A good representation of the current 
climate is a necessary, bu t not sufficient condition for the global m odel ability to sim ulate

http://bprc.osu.edu/wiki/Jason_Box_Datasets
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MAR Forcing Periode
ERA-40 reanalysis 
ERA-INTERIM reanalysis

1957-1999
2000-2010

Historical experim ent from CanESM2 1964-2005 
RCP 4.5 experim ent from  CanESM2 2006-2100 
RCP 8.5 experim ent from  CanESM2 2064-2100

Table 2. Sum m ary of the different forcings used in the MAR sim ulations.

future climate change. Indeed, a m odel that fails to reproduce the current climate generates 
projections that lack in reliability and validity.
We will show that CanESM2 used for forcing MAR is one of the m ost suitable global m odels 
currently available from  the CMIP5 data base for sim ulating the current climate (1970-1999) 
over Greenland in respect to the ERA-40 reanalysis. In addition, its future projections of 
tem peratures are in the range of the other IPCC AR5 global models.

3.1 Evaluation over current climate
The global m odels listed in Table 1 from  the CMIP5 data base are evaluated w ith the aim  to use 
them  as forcing of a regional m odel. The general atm ospheric circulation in the regional model 
is fully induced by the global m odel-based boundaries forcing w hile the surface conditions 
(except the sea surface tem perature and sea ice cover w hich are used as forcing) sim ulated by 
the global m odel do no t im pact the results of the regional m odel. This m eans that the regional 
m odel is not able to correct biases in the general circulation coming from the global models. 
In addition, Fettweis et al. (2011a) show ed that the general circulation at 500hPa (gauged by 
the geopotentiel height) correlates significantly w ith  the surface m elt anomalies. Therefore, 
only the average state of the free atm osphere (here at 500hPa) is evaluated here.
As validation, the global m odel outputs at 500hPa coming from  the Historical experim ent 
(representing the current climate) are com pared to the ERA-40 reanalysis over 1970-1999 
(considered here as the reference period). Franco et al. (2011) show ed that at 500hPa, both 
ERA-40 and NCEP-NCAR (National Centers for Environm ental Prediction-N ational Center 
for Atm ospheric Research) reanalyses com pare very well and so a com parison w ith  only the 
ERA-40 reanalysis is enough here. The fields w hich are evaluated are:

• the mean temperature over the melt season (from May to September and called sum m er 
hereafter). A global m odel-based tem perature bias is propagated  through the regional 
m odel boundaries inducing a sim ilar tem perature bias in the regional m odel which 
im pacts the am ount of sim ulated surface melt. Only CanESM2 satisfactorily sim ulates 
the m ean sum m er tem perature although it is too cold in the South and too w arm  in the 
N orth  (see Fig. 1). HadGEM2-ES and INMCM4 are 2°C too w arm  at the north  of the GrlS 
and the other global m odels are rather several degrees too cold in summer. The observed 
doubling of the am ount of surface m elt since 30 years corresponds to a w arm ing of 2-3 °C 
(Fettweis, 2007; Fettweis et al., 2011a;b). Thus, it suggests that a bias in sum m er of several 
degrees a t the regional m odel boundaries is not acceptable.

• the mean temperature over the accumulation season (from October to April and called 
w inter hereafter). The global m odel-based tem perature at the regional m odel boundaries 
impacts the m axim um  m oisture content of the air m asses and so it impacts the am ount of 
precipitation sim ulated by the regional model. Except INMCM4, the global m odels are too 
cold in winter. The highest biases are observed for m ost of the m odels in the South-East of 
Greenland.
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Fig. 1. Difference between the sum m er (May-Sep) mean 500 hPa tem perature sim ulated by 
the global m odels for the Historical experim ent and from the ERA-40 reanalysis over 
1970-1999 (reference period). The solid lines in red (positive bias) and in blue (negative bias) 
p lo t the w inter (Oct-Apr) m ean 500 hPa tem perature difference w ith regard to the ERA-40 
reanalysis over 1970-1999. U nits are degrees. The m ean bias for w inter (Wi.) and sum m er 
(Su.) is given in brackets. Biases above 1°C in Sum m er and 2°C in w inter are statistically 
significant i.e. two tim es higher than the ERA-40 tem perature standard  deviation. Finally, the 
boundaries of the MAR integration dom ain are show n in green.

• the annual mean wind speed. M ost of hum idity  comes into the regional m odel dom ain 
from  the southern boundary  situated in the storm  tracks associated to the Icelandic Low. 
The w ind speed at the regional m odel boundaries impacts the m oisture advection into 
the integration dom ain and so the precipitation sim ulated by the regional model. The 
w ind speed sim ulated by HadGEM2-ES com pares the best w ith  the reanalysis (see Fig. 2). 
CanESM2 overestim ates the w ind speed in the south of the dom ain w hile the other global 
m odels rather underestim ate it.

• the annual geopotential height. This last one reflects the m ain general circulation pattern  
i.e. an eastw ard general circulation from the N orth American continent, adopting a 
north-w est direction over Baffin Bay before reaching the w estern coast of Greenland, and 
generating a north-eastw ard circulation over central Greenland. In southern Greenland, 
the regional circulation is m ore influenced by m eridional fluxes. Biases at the regional 
m odel boundaries in the direction of the m ain flows im pact the precipitation pattern. 
Only GISS-E2-R does not clearly show an atm ospheric circulation pattern  w hich is 
consistent w ith the reanalysis. In addition, along the East Greenland coast, BCC-CSM1-1,
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Fig. 2. Difference between the annual mean 500 hPa w ind speed (in m /s )  sim ulated by the 
global m odels for the Historical experim ent and from the ERA-40 reanalysis over 1970-1999. 
The solid lines in red and arrows in black p lo t respectively the yearly mean 500 hPa 
geopotential height in m eters and the w ind vectors. Finally, as last plot, the m ean 500 hPa 
geopotential height from the ERA-40 reanalysis is given as reference as well as the w ind 
vectors. The mean bias of w ind speed (WS) in m /s  and geopotential height (ZG) in m  are 
given in brackets.

INMCM4 and IPSL-CM5A-LR sim ulate a north-w est com ponent of the general circulation 
in disagreem ent w ith the reanalysis.

HadGEM2-ES (resp. CanESM2) is the top-perform ing model in sim ulating the present-day 
w ind speed and circulation (resp. the sum m er tem perature) at 500hPa. INMCM4 is too 
w arm  and the other global m odels are too cold and underestim ate the w ind speed. Knowing 
the im portance of the global m odel sum m er tem perature biases in the am ount of the melt 
sim ulated by the regional m odel, CanESM2 has been selected as the m ost suitable candidate 
for forcing the MAR model. However, sim ulations of MAR forced by HadGEM2-ES should 
be perform ed in future because the general circulation and the w inter tem peratures sim ulated 
by HadGEM2-ES are better than the one sim ulated by CanESM2. However, HadGEM2-ES is 
too w arm  in summer. The m ain biases of CanESM2 are a w ind speed overestim ation (resp. 
underestim ation) in the south (resp. north-w est) of G reenland and a cold bias in winter.

3.2 Future projections
In Fig. 3, w e see first that the run  of CanESM2 used for forcing MAR captures well the 
tem perature variability coming for the NCEP-NCAR reanalysis w ith  a sharp increase of
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Fig. 3. Time series of the current and future projections of the Greenland ice sheet annual 
tem perature anom alies (in respect to the 1970-1999 period) sim ulated by the global models 
for the RCP 4.5 (left) and RCP 8.5 (right) scenario and by the NCEP-NCAR reanalysis 
(representing the observed tem perature variability of the last 40 years). A 10-year running 
m ean is applied here and the Greenland ice sheet tem perature variability is taken over an 
area covering Greenland: 60e W < longitude<20° W and 60e N < la titu d e < 88° N. W hen 
several runs are available for a m odel (CanESM2 and IPSL-CM5A-LR), the average over all 
runs is show n and the error bar gives the range around this average. Finally, the run (called 
r l i lp l)  of CanESM2 used for forcing MAR is show n in dotted  red.

the tem perature in the end of 1990's in respect to the 1970-1999 period. HadGEM2-ES 
sim ulates this tem perature increase too early in the 1990's while INMCM4 and CNRM-CM5 
underestim ate it. About the future projections, w e see that the CanESM2 future projections 
com pare well w ith  those ones from  BCC-CSM1-1, HadGEM2-ES and IPSL-CM5A-LR while 
INMCM4 and CNRM-CM5 seem to be less sensitive over Greenland to the greenhouse gas 
concentration increase. A t the end of the century, m ost of the global m odels project an annual 
tem perature increase in the Greenland area of 4-5°C (resp. 7-8°C) for the RCP 4.5 (resp. RCP 
8.5) scenario.

4. SMB evaluation of the CanESM2 forced MAR over current climate

As for the global m odels, it is im portant to evaluate, over the present-day climate, the 
regional m odel forced by the m ost suitable global m odel selected in the previous section. 
Before discussing future projections, w e have first to check if MAR forced by the Historical 
experim ent from  CanESM2 is able to sim ulate the current surface conditions over the 
Greenland ice sheet. That is why, the CanESM2 forced MAR sim ulation is com pared here over 
1970-1999 w ith  the ERA-40 forced MAR sim ulation considered as the reference sim ulation for 
the currently observed SMB over the Greenland ice sheet (Fettweis et al., 2011b).
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4.1 Average annual rates of the SMB components
At the scale of the w hole Greenland ice sheet, MAR forced by CanESM2 over 1970-1999 
underestim ates a few the SMB in respect to the ERA-40 forced run  due to an underestim ation 
of the w inter accum ulation (Oct-Apr) and an overestim ation of the run-off (See Table 3). 
However, these biases are not significant and are included in the natural variability. Finally, 
the solid and liquid precipitation in Sum m er (May-Sep) as well as the net w ater fluxes 
com pare well.

MAR forced SMB W inter (WSF) Sum m er (SSF) Rainfall Run-off M eltwater N et w ater
by Snowfall Snowfall (RF) (RU) (ME) fluxes (SU)

ERA-40 460±106 387±46 288±34 27±5 237±61 419±84 6±1
CanESM2 392±102 335±31 2891 ±42 36±8 263±78 421±107 5±2

Table 3. Average and standard  deviation of the annual surface m ass balance com ponents 
sim ulated by MAR forced by ERA-40 and by CanESM2 over 1970-1999. U nits are G t/y r. The 
surface mass balance (SMB) equation is here SMB = WSF + SSF + RF - RU - SU. The run-off is 
the p art of not refrozen w ater from  both surface m elt and rainfall reaching the ocean. Finally, 
the blowing snow  sublim ation is not taken into account in our simulation.

4.2 Temporal variability and trend of the SMB components
In average over 1970-1999, the CanESM2 forced MAR is significantly too cold in w inter in 
respect to the ERA-40 forced run  (Fig. 4) w hile the annual cycle of the m ean Greenland 
ice sheet tem perature is well reproduced. In summer, MAR sim ulations using both forcings 
com pare well. This is in full agreem ent w ith  the CanESM2 tem perature biases versus ERA-40 
show n in Fig 1.
The m ean seasonal cycle of the m elt area sim ulated by MAR forced by ERA-40 and CanESM2 
com pare very well know ing that the ERA-40 forced MAR sim ulation com pare well w ith  the 
m icrowave satellite derived one according to Fettweis et al. (2011b). However, although this is 
not significant, there is a delay of about 5 days between the CanESM2 and the ERA-40 forced 
simulations. The annual cycle of the bare ice area (i.e. the ablation zone w here m ost of the 
m elt takes place due to the lower albedo of bare ice com pared to melting snow  (Tedesco et al., 
2011)) is also show n in Fig. 4. There is a significant overestim ation through the w hole melting 
season of the bare ice area if MAR is forced by CanESM2. This bias, due to an underestim ation 
of the w inter accum ulation listed in Table 3, is explained in the next section.
Despite of the SMB com ponents biases quoted in Section 4.1, the CanESM2 forced run 
reproduces very well the ERA-40 forced SMB com ponents trends i.e. a decreasing of the 
SMB since the beginning of the 2000's associated to a quasi constant snowfall variability over 
1970-2005 and an increasing trend of the run-off in agreem ent w ith the sum m er tem perature 
changes (see Fig. 5).

4.3 Spatial variability
The CanESM2 forced SMB sim ulated by MAR is significantly too low in the north-w est of the 
Greenland ice sheet and too high in the south and along the north-eastern coast (see Fig. 6). 
The negative anom alies in the north-w est are a conjunction of negative anom alies in snowfall 
and positive anom alies in run-off induced by biases in sum m er tem perature and w inter 
accum ulation. In addition  to im pact directly the gained mass, a too low w inter accum ulation 
decreases the snowpack height above bare ice in the ablation zone w hich induces prem ature



Estimation of the Sea Level Rise by 2100 Resulting
from Changes in the Surface Mass Balance of the Greenland lee Sheet 511

V- 2 0
ER A -40 forfeed M.A|R 
CanESM2 fo'reed MAR

- 8  - 1 U I T  N

- 1 2  -

- 1 6

12
- 2 0  -

- 2 4  -

- 2 8  -
■A- t

- 3 2
1 HiO'e'lce ex ten t

- 3 6

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Fig. 4. Average over 1970-1999 of the m ean Greenland ice sheet tem perature annual cycle 
(left Y-axis) as well as the m elt and bare ice extent sim ulated by MAR forced by ERA-40 (in 
red) and by CanESM2 (in blue) (right Y-axis). The m elt extent is defined as the area w here the 
daily m eltw ater p roduction is h igher than 8 m m  WE according to Fettweis et al. (2011b) and 
the bare ice extent is the area w here the surface snow  density is h igher than 900 k g /m 3. 
Finally, a 30 days running m ean is applied here and the error bars p lo t the standard  deviation 
over 1970-1999 around the ERA-40 forced mean.

bare ice exposure in summer, reducing the surface albedo and then enhancing the surface 
melt. This snowfall negative anom aly is due to an underestim ation by CanESM2 of the 
south-w esterly flow, com mon in this area (see Fig. 2), im pacting the am ount of m oisture which 
is advected by MAR on this area. In the south of the ice sheet, in contrary, the w esterly flow 
is overestim ated by CanESM2 enhancing the precipitation in MAR. It should be rem em bered 
that biases at 500hPa in the large scale forcing are not corrected by the regional m odel even in 
the interior of its integration dom ain.
In addition  to the w inter accum ulation induced biases, the run-off anom alies reflect the 
sum m er tem perature biases i.e. MAR forced by CanESM2 is too cold in sum m er along the 
eastern and southern coasts and too w arm  along the w estern and northern  coasts. Similar 
patterns of tem perature biases are present in CanESM2 itself as show n in Fig. 2. In addition, 
the w arm  bias in the north-w est of the ablation zone is enhanced by the surface albedo 
feedback as a consequence of the overestim ation of the bare ice exposure. However, it should 
be noted that these tem perature biases are statistically not significant.
As conclusion, the negative SMB anom aly in the north-w est of the ice sheet is com pensated 
by the overestim ation of the SMB in the south of the ice sheet if MAR is forced by CanESM2 
in respect to the ERA-40 forced simulation. This explains w hy the SMB sim ulated by MAR 
forced by CanESM2 and by ERA-40 com pare very well a t the scale of the w hole Greenland ice 
sheet.



512 Climate Change -  Geophysical Foundations and Ecological Effects

BOO

6 0 0

4 0 0

200

0
\
0  - 2 0 0  

m - 4 0 0

1
o  - 8 0 0  

- 1 0 0 0  

- 1 2 0 0  

- 1 4 0 0

Snowfall

-1 6 0 0
1 9 7 0  

- 2
1 9 9 0 2010

- I -
ERA-40/ERA-INÏERIM fq rc e d  MAR 
Caí i ore j [AR ; >4.5) i 

I  CanESM2 f o rc e d  MAR (2070-209?, RCP8.S)

R unoff

2 0 3 0  
— I—

2030

2 0 5 0 2 0 7 0  2 0 9 0

2050 2070 2090

Fig. 5. Time series of the annual Greenland ice sheet snow fall, run-off SMB (top in GT/ yr) 
and sum m er tem perature (below in °C) sim ulated by MAR forced by ERA-40 over 1970-1999 
(in blue), by ERA-INTERIM over 2000-2010 (in blue) and by the CanESM2 based Historical 
experim ent over 1970-2005 (in green), by the RCP4.5 experim ent over 2006-2099 (in green) 
and by the RCP8.5 experim ent over 2070-2099 (in red). A 10 year running m ean is applied 
here. Finally, the annual values of the ERA-40/ERA-INTERIM forced sim ulation (in dotted 
red) as w ell as the 1970-1999 average of the CanESM2 forced sim ulation (in dashed blue) are 
also show n

5. SMB future projection from CanESM2 forced MAR

5.1 Trends of the SMB components
In respect to the 1970-1999 period sim ulated by MAR forced by CanESM2, MAR projects for 
2070-2099 a decreasing of the SMB of ~  +75% (resp. ~  +215%) if it is forced by the CanESM2 
RCP 4.5 (resp. RCP 8.5) experim ent (see Table 4 and Fig. 5). For both scenarios, MAR projects 
a precipitation increase (~  +25% for RCP 4.5 and ~  +40% for RCP 8.5) that is no t large 
enough to com pensate the run-off increase (~  +175% for RCP 4.5 and ~  +420% for RCP 8.5) 
according to IPCC (2007). The snowfall increase should occur m ainly in winter. In summer, 
the precipitation increased concerns only the rainfall because a p art of the solid precipitation 
should fall in liquid phase due to the rising tem perature. This one enhances the melt, know ing 
that rainfall m oistens the snow pack w hich decreases the surface albedo.
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Fig. 6. Difference betw een the m ean 1970-1999 SMB (in mm  Water E quivalent/yr), snowfall 
(in m m W E /yr), run-off (in m m W E /yr), sum m er near surface tem perature (in °C), w inter 
snow pack height (in meter) above bare ice the first of M ay (.i.e. a t the beginning of the 
sum m er) and bare ice extent (in num ber of days w here bare ice appears a t the surface per 
year) sim ulated by  MAR forced by CanESM2 and forced by ERA-40. Significant anom alies 
(those a t least twice the m agnitude of the 1970-1999 standard  deviation) are hatched and 
bounded  by bold black lines. Finally, the m ean equilibrium  line altitude (i.e. the altitude 
w here the SMB is null) from  MAR forced by ERA-40 and forced by CanESM2 is show n 
respectively in  m auve and in  red. This altitude line delim its the ablation zone (where the 
SMB is negative in  average) to the accum ulation zone (where the SMB is positive).
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Scenario SMB WSF SSF RF RU ME SU Temperature
RCP 4.5 -294±128 +86±35 
RCP 8.5 —839±245 ±277±58

- 20±36 ±53± 10 ±458±97 ±558±123 -5 ± 2  +3.9±0.8°C 
-148±26 ±120±35 ±1101±271 ±1285±302 -1 4 ± 5  ±9.1±0.9°C

Table 4. Anomaly of the annual m ean 2070-2099 SMB com ponents sim ulated by MAR forced 
by the CanESM2 based RCP 4.5 experim ent and RCP 8.5 experim ent in respect to the 
Historical experim ent over 1970-1999 (in G t/y r). The acronym s are described in Table 3. 
Finally, the annual m ean tem perature anom alies are also given in °C

The ERA-40/ERA-INTERIM forced tim e series (Fig 5) shows notably the record low SMB 
rate sim ulated by MAR in 2010 and confirmed by the observations (M ernild et al., 2011; 
Tedesco e ta l., 2011). The very low  SMB rates sim ulated these last years (2007, 2010) w ith 
ERA-INTERIM as forcing should be com mon at the end of this century w ith  the RCP 4.5 
experim ent. These observed rates w ere a com bination of lower snowfall and higher run-off 
than norm al. A t the end of this century, the run-off and tem perature should be higher than 
those observed the last year but the heavier snowfall in w inter should com pensate a p art of the 
increase of m elt in summer. For RCP 8.5 experim ent, MAR sim ulates never observed negative 
SMB rates since 50 years (Fettweis et al., 2011a). The snowfall changes are sim ilar to the ones 
projected for RCP 4.5 bu t the run-off increase is twice larger than the one projected for RCP 
4.5. Finally, the SMB decrease is quasi interrupted  in 2050 for RCP 4.5 w hile the SMB is still 
decreasing in 2100 w ith  RCP 8.5.
In average, over 2070-2099, the m ain m elt season should still occur betw een May and 
September for both scenarios bu t the m elt extent should reach M id-July 33% of the Greenland 
ice sheet area for RCP 4.5 (resp. 50% for RCP 8.5) com pared to 15% for the current climate 
(Fig. 4), w hile the bare ice extent should reach respectively 16% and 22% of the ice sheet area 
com pared to 6% for the present-day climate.

5.2 Spatial changes
In respect to the current climate sim ulated by MAR forced by CanESM2, MAR projects that for 
2070-2099 (RCP 4.5 scenario), SMB should significantly decrease along the ice sheet m argin 
in response to a significant run-off increase resulting from rising sum m er tem perature and 
that it should slightly increase in the interior of the ice sheet due to heavier snowfall (Fig. 
7). The w arm ing is enhanced in the north  of the ice sheet because of the decrease of sea ice 
concentration in the closest parts of the Arctic Ocean according to Franco et al. (2011). In the 
south of the ice sheet, w hile the total precipitation is increasing, a p art of snowfall becomes 
rainfall, w hich enhances the melt. Finally, the bare ice should be exposed in the ablation zone 
(delim ited by the equilibrium  line altitude) one m onth longer by com parison w ith  the current 
climate. The patterns of changes over 2070-2099 from  the RCP 8.5 scenario (not show n here) 
are sim ilar than those ones from the RCP 4.5 scenario bu t in m ore extreme.

6. Future sea level rise projection from SMB changes

According to Fettweis et al. (2008), projected SMB anom alies can be estim ated from  m ean 
June-July-August (JJA) tem perature (T) and annual snowfall (SF) anom alies com puted by 
CanESM2 on the Greenland area by this m ultiple regression:

A SMB  ~  ^Historical _|_ ĵ SFr CPxx $F\ Hsionai
stdcz-i T\ 11 si ori ca ) stdcz-i S F\ [ |s|0ru;i ) (1)
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Fig. 8. Left) Future projection of anom alies of the Greenland ice sheet SMB sim ulated by 
MAR and retrieved from CanESM2 tem perature and precipitation anom alies for the RCP 4.5 
and RCP 8.5 scenarios in respect to the 1970-1999 period. For the CanESM2 based time 
series, the average over all the five available runs is p lotted in solid line and the error bar 
gives the range around this average. The run (called r l i l p l )  of CanESM2 used for forcing 
MAR is p lotted in dotted  line. Finally, a 10-year running m ean is applied here and units are 
GT/ yr. Right) The corresponding cum ulated sea level rise from  SMB changes is show n in 
cm. The com putations use an ocean area of 361 million km 2.

w here a and b are two constant param eters, Tpcpxx (resp. SFpcpxx) is the JJA tem perature 
(resp. the annual snowfall) from the CanESM2 outputs for the RCP 4.5 or the RCP 8.5 scenario, 
^H istorical is the m ean JJA tem perature over 1970-1999 from  the CanESM2 outputs for the 
Historical experim ent and sfd « ’(THistoricai) is the standard  deviation around this average. 
The values of the param eters a and b can be found for a fixed value of the ratio k =  a /b  
by im posing that the standard  deviation of the SMB estim ated by the CanESM2 tem perature 
and precipitation tim e series from the Historical experim ent (1970-1999) is 106km 3y r_1 as 
sim ulated by MAR forced by ERA-40 over this period. Further details and caveats about the 
m ultiple regression m odel and the param eters it uses are given in Fettweis et al. (2008). The 
values of k =  a / b  used here (—1.25 for RCP 4.5 and —5.0 for RCP 8.5) are chosen in order to 
have the best com parison betw een the projected sea level rise tim e series sim ulated by MAR 
and the one retrieved from the CanESM2 outputs as show n in Fig. 8. Different values of k are 
needed for both RCP 4.5 and RCP 8.5 scenarios i.e. the w eight of the tem perature variability 
against the precipitation variability in the SMB variability is not the same. For RCP 4.5, the
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Fig. 9. C um ulated surface height anom aly (in meters) from 2000 to 2100 sim ulated by MAR 
for the RCP 4.5 scenario. The anom alies are com puted in respect to the 1970-1999 period.

10-year running m eans of MAR and CanESM2 SMB projections com pare well and the value 
of k used is in agreem ent w ith Fettweis et al. (2008). It is not the case for RCP 8.5. This means 
that the response of SMB to extreme rising tem perature as projected by RCP 8.5 seems to be 
not a linear function of the tem perature anom alies as assum ed in Eq. 1 bu t rather a quadratic 
or exponential function due to the positives feedbacks (e.g. the albedo) w hich accelerate the 
surface melt. However, future projections of SMB sim ulated by MAR forced by RCP 8.5 over 
2006-2069 are needed to confirm this hypothesis.
A lthough the large uncertainties in Eq. 1 resulting from the choice of a fixed value for k = a /b  
and the hypothesis of linearity in the tem perature dependence, the 10-year running m eans of 
MAR and CanESM2 SMB projections give the same sea level rise at the end of this century 
(see Fig. 8). The use of Eq. 1 w ith the four other runs from  CanESM2 (in addition to the run 
used to force MAR) allows to estim ate uncertainties coming from  the forcing in our future 
projections. In 2100, w e project a sea level rise com ing from  changes in Greenland ice sheet 
SMB estim ated to be ~  +6.5 ± 1 .5  cm and ~  +14 ±  2 cm for the CanESM2 based RCP 4.5 
and RCP 8.5 experim ent respectively. The projections for the RCP 4.5 scenario (+4°C  in 
2070-2099 com pared to 1970-1999) are in full agreem ent w ith  the projections m ade for the 
SRES A1B scenario by Franco et al. (2011) w hile the projections for the RCP 8.5 scenario are 
out of range from previous studies (IPCC, 2007) because the w arm ing projected by RCP 8.5 
scenario (+9°C) is larger than the m ost pessimistic scenario used in the IPCC AR4.
In addition  to the uncertainties linked to the m odels/scenarios, it should be noted that these 
projections do not take into account changes in ice dynam ics and surface topography as

g h t  a n o m a ly  (:C u m u la te d  s u r f a c e  h e

*
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described in Gregory and Huybrechts (2006). Only changes in SMB are considered here and 
the topography of the Greenland ice sheet is fixed during  the sim ulation although successive 
annual negative Greenland ice sheet mass rates induce a decrease of the surface height in the 
ablation zone as show n in Fig. 9 and so, a w arm ing and an acceleration of the melt. For the 
RCP 4.5 scenario, the cum ulated surface height anom alies could be higher than 100 m  in 2100 
inducing a w arm ing of about I o C for these pixels in dry  atm ospheric conditions.

7. Conclusion

Future projections of the Greenland ice sheet SMB w ere carried out over 2006-2100 for the 
scenarios RCP 4.5 and RCP 8.5 w ith  the regional climate m odel MAR forced by the global 
m odel CanESM2. The CanESM2 m odel has been chosen because it is one of the global 
m odels from  the CMIP5 data base w hich sim ulates the best the current climate a t 500hPa over 
Greenland in respect to the European reanalysis. The differences between MAR forced by 
the ERA-40 reanalysis and forced by CanESM2 over 1970-1999 are not statistically significant 
except in the north-w est of the ice sheet. However, at the scale of the w hole Greenland ice 
sheet, MAR forced by ERA-40 and CanESM2 over current climate com pare very well.
As future projections, MAR sim ulates a significant decrease of the SMB along the ice sheet 
m argin due to increasing m elt and a low  SMB increase in the interior of the ice sheet due 
to heavier snowfall. At the scale of the ice sheet, the increase of precipitation does not 
com pensate the increase of m elt and MAR sim ulates a m ean surface m ass loss of about 
~  —300 (resp. ~  —800) G T /y r over 2070-2099 for the RCP 4.5 (resp. RCP 8.5) scenario in 
respect to current climate (1970-1999). These surface m ass losses correspond to cum ulated 
sea level rises of about ~  +6.5 ± 1 .5  and ~  +14 ±  2 cm in 2100 respectively. The error 
ranges in these projections estimate the uncertainties com ing from  CanESM2 used to force 
these regional projections. The uncertainties com ing from MAR are difficult to evaluate in 
view  of lack of in situ data of SMB at the scale of the w hole Greenland ice sheet. Knowing 
that the future projections of CanESM2 are in the range of other global m odels of the CMIP5 
m ulti-m odel data base and that the SMB sim ulated by MAR com pare w ell w ith  rates coming 
from  other regional m odels (Fettweis, 2007), this shows that the biggest uncertainties for sea 
level rise come rather from  the used scenario than from  the m odels themselves. However, 
future projections of MAR forced by another global m odel (e.g. HadGEM2-ES) from the 
CMIP5 data base will allow to evaluate better the uncertainties coming from the forcing 
model.
It is im portant to note that these projections of sea level rise from Greenland ice sheet m ass loss 
do not take into account changes in ice dynam ics (influencing the m ass changes from  iceberg 
calving) and in surface topography w hich could am plify the deglaciation of Greenland due to 
the positive elevation feedback. At the end of this century, according to the RCP 4.5 scenario, 
cum ulated anom alies of surface height could reach 150m in some areas along the ice sheet 
m argin, em phasizing the necessity of taking into account changes in topography. That is w hy 
it will be very interesting to couple MAR w ith  an ice sheet m odel in addition  to the coupling 
w ith  a snow  m odel to evaluate the feedbacks due to elevation and ice m ask changes to the 
SMB. Moreover, this double coupling will allow to evaluate changes in total Greenland ice 
sheet m ass balance and so to evaluate the sea level rise com ing from all changes of m ass of 
the ice sheet.
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