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Abstract

We present atmospheric general circulation model simulations of the present (1981–

2005) and future (2081–2100) climate according to the SRES A1B greenhouse gas

scenario. Focusing on Greenland, we use a stretched grid in the global model, thereby

reaching a horizontal grid spacing of 60 km in the region of interest. This allows to5

capture reasonably the escarpment zone of the ice sheet. For the end of this century,

the model suggests a precipitation increase in the central region of Greenland, which

is overcompensated for by a strong increase of meltwater production in the lower ar-

eas. We calculate the changes of water fluxes into the adjacent seas according the

simulated surface mass balances changes. The calculated freshwater flux at the end10

of the 21st century appears too weak to induce a significant reduction of the merid-

ional overturning circulation in the North Atlantic. The resulting surface mass balance

decrease between the last decades of the 20th and 21st centuries is equivalent to a

positive contribution of 0.8 mm yr
−1

to global eustatic sea-level rise.

1 Introduction15

Rapid changes in the altitude of the surface of Greenland are currently being observed.

A review by Cazenave (2006) showed that more recent satellite measurements tend to

indicate higher rates of mass loss than older ones. In particular, satellite gravity surveys

indicate a recent acceleration of ice mass loss (Velicogna and Wahr, 2006; Chen et al.,

2006), probably localized in low-lying areas (Luthcke et al., 2006) and concentrated20

in the south (Velicogna and Wahr, 2006). This is coherent with older measurements

indicating rapid ice marginal changes (e.g., Krabill et al., 1999; Zwally et al., 2005;

Alley et al., 2005) and thickening in the interior (Zwally et al., 2005; Johannessen et al.,

2005). The rapid, accelerating ice loss in the marginal areas seems to be partially

a consequence of rapidly increasing ice flow rates (e.g., Krabill et al., 2004; Rignot25

and Kanagaratnam, 2006), which may be linked to increased basal lubrication as a
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consequence of surface melt intensification (Zwally et al., 2005) or the disintegration

of floating ice tongues which reduces their buttressing effect (De Angelis and Skvarca,

2003). Another cause of the observed coastal thinning appears to be a significant

increase in surface melt rates (Krabill et al., 2004; Fettweis et al., 2007).

The mass loss of the Greenland ice sheet is more rapid than previously expected,5

suggesting that previous estimates of future sea-level rise might be too low (Dowdeswell,

2006). Indeed, a simple semi-empirical model linking global temperature to sea-level

(Rahmstorf, 2007) would suggest the possibility of more rapid sea-level rise than pro-

jected by the IPCC 2001; 2007, which could point to a higher sensitivity of ice-sheet

mass balances to climate changes, and an aggressive interpretation of available palaeo-10

climatic evidence suggests similar conclusions (Overpeck et al., 2006). However, this

latter approach has been severely criticized (Oerlemans et al., 2006).

In the 1990s, coupled atmosphere-ocean general circulation model (GCM) studies

of 2×CO2 climates have been analyzed with respect to the Greenland surface mass

balance (SMB). One of these studies used the GENESIS 2 GCM to find that the simu-15

lated Greenland SMB change would induce a sea-level rise of 1.3 mm/yr. In a similar

study, Ohmura et al. (1996) analysed a T106 integration with the ECHAM GCM, which

yields a SMB change equivalent to a 1.1 mm/yr sea-level rise. A study with a more

recent version of this GCM and with a slightly modified method to calculate melt rates

yielded a less dramatic melt rate increase under a transient climate change (following20

the IS92a greenhouse gas emission scenario) at the time of the doubling of the CO2

concentrations with respect to preindustrial values. Combined with an expected in-

crease of precipitation in the interior, this lead Wild et al. (2003) to predict an increase

of the Greenland SMB under transient 2×CO2 conditions. Kiilsholm et al. (2003) con-

ducted a high-resolution (50 km) study with the HIRHAM regional climate model, which25

was forced at its lateral boundaries by the ECHAM4OPYC3 coupled model under the

SRES A2 and B2 scenarios. In both scenarios, HIRHAM results differ considerably

from those of the driving model; in particular, the estimated melt rates are higher in

HIRHAM. Under both greenhouse gas emissions scenarios, both the HIRHAM and the
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driving model simulate negative Greenland surface mass balances at the end of this

century.

In a more general multi-model approach, Gregory and Huybrechts (2006) show that

a global temperature change exceeding 3
◦
C, combined with the associated precipita-

tion changes, would lead to a negative surface mass balance of the Greenland ice5

sheet. This means that under most realistic greenhouse gas emission scenarios, the

Greenland SMB might become negative by 2100, meaning that the ice sheet will dis-

appear in the long term if the climate does not recover to its present-day state (Gregory

et al., 2004).

Here we present a new model study of the future (2081–2100) surface mass balance10

of the Greenland ice sheet under the SRES A1B greenhouse gas emission scenario.

This study is carried out at high resolution (60 km) with a stretched-grid GCM and there-

fore combines some advantages of a global model (e.g., two-way interactions between

the climate change in the region of interest and the rest of the atmosphere) with those

of a regional model (in particular, high resolution at a reasonable numeric cost). The15

paper is organized as follows. Section 2 presents the model, the experimental setup

and the methods used to calculate the different components of the surface mass bal-

ance. Section 3 rapidly compares the simulated present-day surface climate to avail-

able observations and presents the simulated changes in the various mass balance

components. The discussion in Sect. 4 analyses the causes of the simulated precipi-20

tation changes and the potential large-scale impact of the simulated SMB changes.

2 Methods

We used the LMDZ4 atmospheric general circulation model (AGCM; Hourdin et al.,

2006) forced by SRES A1B greenhouse gas (GHG) concentrations for the period 2080

to 2100, and by observed GHG concentrations for the period 1980 to 2005. The sim-25

ulation for the two final decades of the 20th century and the first five years of the 21st

century was forced by observed oceanic boundary conditions (sea-surface temper-
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ature [SST] and sea-ice concentrations [SIC]), while future oceanic boundary condi-

tions are obtained by superimposing observed present-day oceanic conditions and an

oceanic climate change signal from the SRES-A1B coupled model run with the IPSL-

CM4 ocean-atmosphere general circulation model (Marti et al., 2005), of which the

AGCM used here is the atmospheric component. The climate sensitivity of IPSL-CM45

for a doubling of the atmospheric CO2 concentration from preindustrial values (3.7
◦
C)

is situated in the upper part of the range of coupled models of the 4th IPCC assess-

ment report (Forster and Taylor, 2006). The anomaly method used for constructing the

future oceanic boundary conditions is described in detail in Krinner et al. (2007). Using

the grid-stretching facility of LMDZ4 (Krinner et al., 1997), the AGCM is run with a high10

regional resolution of up to 60 km over Greenland. The first year of the two model runs

is discarded as spin-up, leaving for analysis the years 1981 to 2005 and 2081 to 2100,

respectively.

Because melt rates on the margin of the ice sheet can be high, significant runoff is

generated from this ice sheet, as opposed to Antarctica, where the overwhelming part15

of surface melt water refreezes (Liston and Winther, 2005). Even at the fairly high res-

olution of 60 km, the model will not correctly resolve the ablation zone of the ice sheet.

For this reason, we use an empirical relationship linking summer (JJA) air temperature

and annual meltwater runoff proposed by Ohmura et al. (1996). This method takes into

account meltwater production and refreezing. It consists of interpolating the simulated20

surface air temperature on a fine grid, using the difference between a high-resolution

surface topography (Ekholm, 1996) and the surface elevation at the model resolution

to correct the surface air temperature. A model study by Krinner and Genthon (1999)

suggests that the sensitivity of surface air temperature to elevation changes in summer

near the Greenland ice sheet margin is about −6
◦
C/km. This value is used here to cal-25

culate the summer air temperature at the high resolution of the topographic database

(we use a downgraded version with a resolution of 10 min). The linear relationship be-

tween summer surface air temperature and meltwater runoff as proposed by Ohmura

et al. (1996) is then applied to these high-resolution surface air temperature results.
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In calculating the surface mass balance, the fraction of rainfall that freezes on the ice

sheet, thus positively contributing to accumulation, needs to be estimated. We reason

that the fraction ff of the rainfall which freezes in the snow pack will be approximately

equal to the fraction of meltwater that refreezes, as this fraction depends on the physi-

cal characteristics of the snow pack, and meltwater and liquid precipitation occur during5

the same season. This fraction can be calculated from the ratio between the estimated

meltwater runoff RM (following Ohmura et al. (1996); see preceding paragraph) and

the total surface melt M simulated by the GCM: ff=1−RM/M. The surface mass bal-

ance B is then evaluated as B=S+ffL−E−RM , where S stands for solid precipitation,

L for liquid precipitation, E for evaporation (or sublimation), and RM is the meltwater10

runoff. The total ice sheet runoff is then R=RM+(1−ff )L. We define accumulation as

A=S+ffL, that is, as the part of the total precipitation that does not immediately run off

the ice sheet.

Blowing snow and its sublimation are not represented in this model, although Box

et al. (2004) have suggested that blowing snow sublimation might amount to 6% of the15

mean precipitation on the ice sheet.

3 Results

3.1 Present-day climatology

Figure 1 displays the annual mean of the absolute monthly surface air temperature

bias, calculated as β=|Tobs,i−Tmod,i | (i=1 . . . 12) (the overline denotes the time mean)20

in the present-day simulation. The observed temperatures (Tobs) were obtained from

Greenland Climate network (GC-Net) automatic weather stations (Steffen, 2005) and

WMO manned weather stations. The annual mean absolute monthly surface air tem-

perature bias below 2
◦
C for most stations, which is fairly low. However, larger biases do

occur locally, in particular in the north-east of Greenland, where the model significantly25

overestimates the surface air temperatures in winter. This warm bias in winter does
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not appear to be induced by erroneous circulation patterns, as neither the 500 hPa

height (Fig. 2a) nor the sea level pressure distribution (not shown) would induce an

anomalous southerly flow in this area.

Figure 2 compares the simulated winter (DJF) and summer (JJA) 500 hPa height to

the NCEP analysis for the same period. In summer, the model errors are fairly weak,5

and vanish over the region of interest. The winter errors are more significant, but not

dramatic. The positive bias over Greenland (between 10 m in the south-west and 80 m

in the north-east) might be linked to the warm winter bias near the surface mentioned

in the preceding paragraph.

The mean precipitation over the ice sheet is 316 kg m
−2

yr
−1

. This is in fairly good10

agreement with the long-term mean precipitation of 346 kg m
−2

yr
−1

estimated from

glaciological data (Ohmura and Reeh, 1991; Ohmura et al., 1999).

The simulated cumulated melt area for the years 1981 to 2005 is displayed in Fig. 3.

The cumulated melt area is defined as the annual total sum of the daily ice sheet

melt areas (Fettweis et al., 2007). The mean simulated cumulated melt area, about15

29×10
6

km
2
, compares well with the satellite-based, model-corrected ImpXPGR data

given by (Fettweis et al., 2007, their Fig. 2). However, LMDZ4 only simulates a weak

positive trend of +0.1×10
6

km
2
/yr between 1981 and 2005 and thus underestimates the

observed positive trend of +0.5×10
6

km
2
/yr given by Fettweis et al. (2007). Figure 4a

displays the simulated number of days with snow melt per year. The extent of the melt-20

free area in the centre of the ice sheet is in excellent agreement with the satellite-based

data given by Fettweis et al. (2007).

The simulated surface mass balance for the period 1981–2005, using the ablation

parametrization by Ohmura et al. (1996), is shown in Fig. 5a. The average simulated

mean surface mass balance over the ice sheet is 109 kg m
−2

yr
−1

(corresponding to25

202 km
3
yr

−1
), which is in fair agreement with the best estimate of (134±24) kg m

−2
yr

−1

given by IPCC (2001). If the model-simulated surface melt is used together with the

refreezing parametrizationation of Pfeffer et al. (1991), as done for Antarctica by Krin-

ner et al. (2007), the integrated surface mass balance is reduced to +8 kg m
−2

yr
−1

.
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The difference, 101 kg m
−2

yr
−1

, essentially results from an increase of the estimated

meltwater runoff (+83 kg m
−2

yr
−1

), the remainder being due to an increase of the esti-

mated rainwater runoff (+18 kg m
−2

yr
−1

), both resulting from high simulated melt rates.

As explained before, the method of Ohmura et al. (1996) appears preferable because

of the insufficient resolution of the GCM. Moreover, as will be seen in Sect. 4.1, using5

the Ohmura et al. (1996) parametrization yields a present-day simulated surface mass

balance which is in good agreement with available ice-sheet average estimates.

The geographical distribution of the simulated surface mass balance corresponds to

the observed patterns (Ohmura and Reeh, 1991; Ohmura et al., 1999; Dethloff et al.,

2002) and previous model studies (e.g., Bromwich et al., 1999; Dethloff et al., 2002;10

Box et al., 2004; Fettweis et al., 2005), the highest values occurring in the south-east,

and a secondary maximum appearing on a band at the western side of the ice sheet

at intermediate elevation.

3.2 Surface mass balance change during the 21st century

The simulated mean surface mass balance of the Greenland ice sheet for the period15

2081–2100 is −51 kg m
−2

yr
−1

, compared to +109 kg m
−2

yr
−1

for the period 1981–

2005. This is the consequence of two counteracting evolutions. On one hand, the

mean accumulation increases from 291 to 347 kg m
−2

yr
−1

, reflecting an increase of

the mean total (liquid+solid) precipitation from 316 to 390 kg m
−2

yr
−1

, while meltwa-

ter runoff increases from 178 to 392 kg m
−2

yr
−1

. Mean sublimation/deposition (around20

5 kg m
−2

yr
−1

) is negligible in both simulations. Figure 5b displays the surface mass

balance for the year 2081–2100. The general pattern, strongly constrained by the geo-

graphic situation and the ice sheet surface topography, remains the same as during the

latter decades of the 20th century (Fig. 5a). The significant increase of surface melt

in the lower parts of the ice sheet more than overcompensates for the precipitation25

increase which is well visible in the highest parts of Greenland, where melt remains

negligible.
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This increase in meltwater production is clearly reflected in the number of days during

which surface melt occurs (Fig. 4b). LMDZ4 predicts that under the SRES-A1B green-

house gas emission scenario melt even occurs in regions above 3000 m at the end of

the 21st century. The melt-free region (here defined as the regions where melt occurs

less than once every two years) decreases from 735 000 km
2

in the period 1981–20055

to 233 000 km
2

in the period 2081–2100.

4 Discussion

4.1 Comparison with observations and other simulations of surface mass balance

and its components

Opposite surface mass balance trends in the interior and in the ice marginal areas are10

currently observed (Johannessen et al., 2005; Fettweis et al., 2007) and have been

predicted by other models (Wild et al., 2003; Kiilsholm et al., 2003). The anthropogenic

future climate change simulated by LMDZ4 is therefore consistent with the ongoing

observed trends and other model results.

As stated before, the simulated mean precipitation over the ice sheet is in good15

agreement with estimates from glaciological data. The simulated mean sublimation

or evaporation over the ice sheet is negligible compared to the mean precipitation.

Mote (2003) use a simple surface mass balance model, forced by annual surface melt

durations from SSM/I data, to deduce a mean 1988–1999 meltwater production of

278 km
3

yr
−1

, ranging from 153 to 519 km
3

yr
−1

. Our modelled value for this period is20

541 km
3

yr
−1

. This is not necessarily unrealistic, because using this value we obtain an

average simulated surface mass balance of (192±73) km
3
yr

−1
for 1989 to 1999, which

is not inconsistent with the value of 249 km
3

yr
−1

estimated by IPCC (2001). Moreover,

as we have shown in Sect. 3.1, the simulated melt extent is in good agreement with

model-corrected satellite observations by Fettweis et al. (2007).25

The Polar MM5 model simulates a mean 1991 to 2000 surface mass balance of
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193 km
3

yr
−1

, with a range of 359 km
3

yr
−1

(Box et al., 2004). The effect of a parametriza-

tion of blowing snow and its sublimation amounts to a volume loss of about 40 km
3

yr
−1

in MM5. Without this parametrization, the surface mass balance simulated by Polar

MM5 would therefore be about 233 km
3

yr
−1

. LMDZ, which does not take into account

blowing snow sublimation, yields a mean value of 227 km
3

yr
−1

for the same period.5

Figure 6 displays simulated and observed (van de Wal et al., 2005) surface mass

balance values along the Kangerlussuaq transect located at 67
◦
N on the western mar-

gin of the ice sheet. The measurements were carried out between 1990 and 2003 at

10 sites between 3 and 141 km from the ice margin, with altitudes varying from 390 m

to 1850 m. Four GCM grid points at 67
◦
N lie on this transect (see Fig. 6). This corre-10

sponds to a nominal zonal resolution of about 45 km. This is better than the effective

resolution of the model dynamics (60 km) because the zonal distance between adja-

cent grid points at high latitudes decreases as a consequence of the convergence of

the meridian towards the pole. The simulated ablation, which is calculated using the

parametrization proposed by Ohmura et al. (1996), is weaker than the measurements15

indicate, in particular in the central part of the ablation zone at about 800 m altitude.

Ablation is also underestimated when the model-simulated surface melt together with

the refreezing parametrization of Pfeffer et al. (1991) is used to calculate ablation in-

stead of the parametrization of Ohmura et al. (1996), which uses the simulated mean

summer surface air temperature to diagnose runoff. However, the method by Ohmura20

et al. (1996) yields a stronger misfit. In both cases the misfit exceeds the interannual

variability of about 1 m typical for this region (Six et al., 2001). The reason for the

underestimates of surface melt appears to be that in the model version used in this

study, surface albedo over continental ice sheets is fixed and constant (77%). In reality,

surface albedo in this area exhibits a strong annual cycle, with a minimum in summer25

when bare ice is exposed (van de Wal et al., 2005). Lefebre et al. (2005) have clearly

shown that the annual cycle of surface albedo in the ice marginal zone has a signifi-

cant impact on the simulated ablation. In their model study, a constant surface albedo

of 80% over the ice sheet leads to a 60% reduction of the simulated surface melt rates.
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In spite of the inadequate surface albedo in LMDZ4, simulated summer and annual

mean values of wind speed, surface air temperature (close to 0
◦
C in summer) and in-

coming short- and longwave radiation at about 1000 m altitude on the Kangerlussuaq

transect (about 37 km from the ice sheet margin in reality) are in fairly good agreement

with the measured values given by van de Wal et al. (2005). The simple formulation5

of ice sheet surface albedo (a prescribed, fixed value of 77%) has been deliberately

chosen in spite of the existence of a more elaborate parametrization in LMDZ4 (Krin-

ner et al., 2006), which takes into account solar zenith angle, snow grain size, dust and

soot content in snow, and snow height, because the version of LMDZ4 used here is the

version used in the IPSL-CM4 coupled IPCC model runs from which the sea-surface10

conditions used in this study were deduced.

4.2 Analysis of the simulated future precipitation change

The overall precipitation increase over Greenland (+23%, from 316 to 390 kg m
−2

yr
−1

)

is consistent with a general tendency to precipitation increase in polar regions during

climate warming, which is a common feature in climate models (e.g., Kiilsholm et al.,15

2003; Gregory and Huybrechts, 2006; Krinner et al., 2007). However, the simulated

precipitation change is not spatially uniform over the ice sheet. Figure 7a displays the

change in annual mean precipitation between the two periods considered in this work.

Precipitation regionally increases by up to 70%, but decreases by up to 15% near the

south-western margin of the ice sheet.20

For a range of coupled climate models used in the most recent IPCC climate change

assessment, Gregory and Huybrechts (2006) calculated the sensitivity of the simulated

relative ice-sheet mean precipitation change ∆P/P to the ice-sheet mean surface air

temperature change ∆T : s=(∆P/P )/∆T . They obtain a mean value of (4.7±1.0)%K
−1

.

Our model indicates a somewhat higher sensitivity of 6.2%K
−1

. This seems to be25

linked to the higher spatial resolution used in this study than in the AOGCM simula-

tions analysed by Gregory and Huybrechts (2006). Krinner et al. (2007) showed that

the high resolution models used in the recent IPCC exercise tend to produce stronger
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precipitation changes than the lower-resolution models, and they observe that, simi-

larly, their high-resolution simulations over Antarctica with LMDZ also produce stronger

precipitation changes than the IPSL-CM4 coupled climate model, which runs at lower

resolution; LMDZ is the atmospheric component of IPSL-CM4. Uotila et al. (2007)

also noticed that among the models used for the most recent IPCC climate change5

projections, the MIROC3.2(hires) AOGCM, which has the highest resolution of the par-

ticipating models, yields the strongest P-E change over Antarctica. Krinner et al. (2007)

showed that in Antarctica, this dependency of the simulated precipitation change on the

horizontal resolution is due to a better representation of the coastal precipitation, which

is influenced by steep topographical gradients. In the case of the Greenland simula-10

tions presented here, the high ice-sheet mean precipitation sensitivity to temperature

changes is primarily caused by a strong absolute precipitation increase along the west-

ern margin of the ice sheet (Fig. 7b), coupled to a relatively weak temperature increase

in that region (Fig. 8). As for Antarctica, therefore, the better resolution of coastal pro-

cesses leads to a modified assessment of ice-sheet wide precipitation changes. It is15

noteworthy that a recent analysis of satellite observations over the last two decades

suggests a global precipitation sensitivity of about 6%K
−1

(Wentz et al., 2007), which

is significantly higher than climate change experiments with coupled models suggest

(Allen and Ingram, 2002). In the light of our results, one might speculate that future as-

sessments using higher-resolution coupled climate models could better represent the20

observed precipitation sensitivity.

This precipitation decrease in the South-East is the consequence of a simulated shift

towards a more positive mean state of the NAO during at the end of the 21st century.

Using a method based on equivalent isobaric geopotential height to retrieve precipita-

tion over Greenland, Bromwich et al. (1999) have shown that during winter there is a25

strong correlation (r=−0.80) between the NAO index and the mean precipitation over

southern Greenland, where most of the simulated precipitation indeed occurs during

that season. Figure 9 displays the simulated winter (DJF) sea-level pressure change

from 1981–2005 to 2081–2100, from which the increased pressure difference between
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the Azores and Iceland, signifying a more positive mean NAO phase, is obvious. Dis-

playing a general pressure decrease in high latitudes and a pressure increase further

south, this figure also shows a more positive mean state of the more general north-

ern hemisphere annular mode (“Arctic Oscillation”). This is a common trend in climate

change simulations (Fyfe et al., 1999). In part, the precipitation decrease in south-east5

Greenland might also be linked to the very moderate warming (and even a localized

cooling) at the surface of the adjacent seas (Fig. 8), which means that the oceanic

moisture source off south-eastern Greenland will probably not increase in strength

over the 21st century.

In terms of ice sheet surface mass balance, precipitation increase is less efficient10

if the additional precipitation falls as rain. Figure 10 displays the fraction of total pre-

cipitation that falls as rain (denoted FR in the following) in the two simulations and the

simulated change over the 21st century. For obvious reasons rain occurs preferentially

in the low-lying ice marginal regions. This signal is modulated by the precipitation sea-

sonality: FR is fairly high in the south-west of Greenland and fairly low along the south-15

eastern coast because the precipitation maximum occurs in summer in the south-west

and in winter in the south-east (Fig. 11a). The situation in southern Greenland is not

so clear at the end of the 21st century (Fig. 11b). Precipitation increase along the

south-western ice sheet margin is strong in winter, such that FR does not increase as

strongly as one might expect (Fig. 10c). In contrast, FR strongly increases along the20

north-western margin of the ice sheet, where precipitation remains maximum during

the summer months (Fig. 11b).

4.3 Potential large-scale impacts of the simulated surface mass balance changes

Although the surface mass balance is only one part of the total ice sheet mass balance

– the total mass balance is the sum of surface mass balance, basal melt and iceberg25

discharge –, it is of interest to discuss the potential large-scale impacts of the projected

surface mass balance changes during the next century. These large-scale impacts are

of two kinds: First, increased runoff from the ice sheet could influence the meridional
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overturning circulation in the North Atlantic (Stommel, 1961; Rahmstorf, 1995). Sec-

ond, the mass balance of the Greenland ice sheet is one of the contributions to future

sea-level changes.

Figure 12 displays the simulated ice sheet runoff (that is, the sum of the part of liq-

uid precipitation that immediately runs off and the part of surface meltwater that does5

not refreeze) for the two periods considered here. Similar to Arzel et al. (2007), the

ice sheet runoff is given for different sectors of the surrounding seas (Arctic Ocean,

Labrador Sea, Greenland-Iceland-Norway Seas north of the Greenland-Iceland sill,

and Greenland-Iceland-Norway Seas south of the Greenland-Iceland sill) as well as

for the whole ice sheet. During both periods, the surface freshwater flux towards the10

Labrador Sea amounts to about 50% of the total surface freshwater flux. Interannual

variations of the total freshwater flux as well as its trends are dominated by this compo-

nent. During the period 1981 to 2005, the total freshwater flux exhibits a slight positive

trend, but the interannual variations are, interestingly, not well correlated to those of

the cumulated melt area (Fig. 3). During the final decades of the 21st century, the total15

freshwater flux has a clear increasing trend. The mean total freshwater flux increases

from 0.0195 Sv (1981 to 2005) to 0.0370 Sv (2081 to 2100). This increase of 0.0175 Sv

is more than the freshwater flux increase computed by Fichefet et al. (2003) using an

atmosphere-ocean GCM coupled to an ice sheet model (compared to climate change

simulations not coupled to the dynamic ice sheet model). In the study by Fichefet et al.20

(2003), this freshwater flux increase led to a strong and abrupt weakening of the North

Atlantic thermohaline circulation (THC) at the end of the 21st century. However, “hos-

ing” experiments carried out with a number of coupled ocean-atmosphere circulation

models (Stouffer et al., 2006) suggest that, at least under present climate conditions,

an additional freshwater flux of 0.1 Sv into the northern North Atlantic only leads to a25

≈30% reduction of the THC intensity after 100 years. The additional freshwater flux

from Greenland suggested by the present study will thus probably not lead to a strong

reduction of the THC. However, considering that LMDZ4 suggests that about 50% of

the simulated additional freshwater flux from Greenland will flow into the relatively small
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Labrador Sea (see Fig. 11), a localized interruption of oceanic convection in this area

might appear somewhat less improbable.

The integrated surface mass balance change from 1981–2005 (mean surface mass

balance: 109 kg m
−2

yr
−1

) to 2081–2100 (mean value: −51 kg m
−2

yr
−1

) corresponds

to an eustatic sea-level change of 0.8 mm/yr. Supposing a linear surface mass bal-5

ance change over the next century (that is, an average induced sea-level change of

0.4 mm/year), this would lead to a sea-level change of 0.04 m in 100 years, between 8

and 20% of the sea-level change (excluding possible future rapid dynamical changes in

ice flow) projected by the IPCC (2007) under the SRES-A1B greenhouse gas emission

scenario. In the absence of a preindustrial “equilibrium” simulation, the contribution10

of the present-day simulated surface mass balance to the observed sea-level rise of

about 3 mm/yr since 1993 (Cazenave et al., 2003) cannot be estimated. Figure 13

shows that there is a slight trend to decreasing surface mass balances in the present-

day simulation, suggesting a presently increasing contribution of the Greenland surface

mass balance to sea-level changes, in agreement with observations of ongoing inten-15

sification of surface melt (e.g., Fettweis et al., 2007). It is noteworthy that Fig. 13 also

shows that the interannual variability of the simulated surface mass balance is quite

high (σ=43 kg m
−2

yr
−1

), but lower than in the model study by Box et al. (2004) who

found an interannual variability of ±102 kg m
−2

yr
−1

.

5 Conclusions20

Under the SRES-A1B greenhouse gas emission scenario, the LMDZ4 AGCM suggests

a significant increase of meltwater production over the Greenland ice sheet over the

next century, leading to a strong intensification of fresh water influx into the Labrador

Sea. Precipitation changes over the 21st century are a mixed signal of local and re-

gional effects. The precipitation increase over the central ice sheet appears to be linked25

to the simulated warming, while the drying near the south-eastern coast is linked to a

shift towards a more positive mean NAO phase. Our simulations suggest a fairly high
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sensitivity of precipitation to temperature changes, s=6.2%K
−1

, compared to a mean

value of (4.7±1.0)%K
−1

obtained by Gregory and Huybrechts (2006). Our results sug-

gest that this is due to the better representation of coastal precipitation at higher spatial

resolution.

Altogether, the diagnosed integrated surface mass balance change from 1981–20055

to 2081–2100 corresponds to an eustatic sea-level rise of 0.8 mm/yr, because surface

melt increase largely outweighs the precipitation increase in the interior. Although the

method of diagnosing surface meltwater production used here (Ohmura et al., 1999) is

based on sound considerations, future work will aim on developing methods of physical

downscaling of the ablation terms near the ice sheet margin. Also, in these future10

studies, surface albedo on the ice sheet will be calculated using the parametrization of

Krinner et al. (2006), which would certainly lead to higher simulated runoff from the ice

sheet. We cannot exclude that these refined studies could yield significantly different

estimates of the future surface mass balance changes of the Greenland ice sheet.
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Fig. 1. Simulated surface air temperature compared to AWS and manned station measure-

ments. Mean absolute monthly mean error (see text) in
◦
C for the reference simulation 1981–

2005.
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Fig. 2. Difference between simulated and analysed (NCEP) 500 hPa height (in m) for the period

1981–2005. (a) Winter (DJF); (b) Summer (JJA).
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Fig. 3. Cumulative melt area (in 10
6

km
2
) as simulated by LMDZ4 for the period 1981–2005.
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Fig. 4. Simulated number of days with snow melt per year. (a) 1981–2005. (b) 2081–2100.

Surface height contours are given at 1500, 2500 and 3000 m to facilitate the comparison with

Fig. 3 of Fettweis et al. (2007).
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Fig. 5. Simulated surface mass balance (in kg/m
2
/yr) for (a) 1981–2000 and (b) 2081–2100.
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Fig. 6. Observed (squares; van de Wal et al., 2005) and simulated (coloured circles) surface

mass balance (in kg m
−2

yr
−1

) for the years 1990 to 2003 along the Kangerlussuaq transect

at 67
◦
N. Red circles: Ablation calculated using the parametrization of Ohmura et al. (1996);

Blue circles: Ablation calculated as in Krinner et al. (2007), i.e. using the meltwater refreezing

parametrization of Pfeffer et al. (1991).
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Fig. 7. Precipitation change from 1981–2005 to 2081–2100. (a) Relative change (in %); (b)

Absolute change (in mm/yr).
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Fig. 8. Annual mean surface air temperature change (in
◦
C) from 1981–2005 to 2081–2100.
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Fig. 9. Difference (in hPa) of the winter (DJF) sea-level pressure from 1981–2005 to 2081–

2100.
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Fig. 10. Fraction of total precipitation that falls as rain (dimensionless). (a) 1981–2005; (b)

2081–2100; (c) 2081–2100 minus 1981–2005.
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Fig. 11. Precipitation seasonality: Month of maximum precipitation (1=January, 2=February,

etc.). (a) 1981–2005 ; (b) 2081–2100.
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Fig. 12. Simulated runoff from the Greenland ice sheet towards the adjacent seas. (a) 1981–

2005; (b) 2081–2100. Blue: Labrador Sea; black: GIN Seas, south of the Greenland-Iceland

sill; red: GIN Seas, north of the Greenland-Iceland sill; green: Arctic Ocean; magenta: total.

Linear regression for the total runoff is indicated by the dashed straight line.
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Fig. 13. Simulated annual surface mass balance of the Greenland ice sheet (in kg/m
2
/yr) for

the period 1981–2005. The linear regression is plotted as a dashed line.
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