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Abstract This paper investigates the possible implica-
tions for the earth-system of a melting of the Green-
land ice-sheet. Such a melting is a possible result
of increased high latitude temperatures due to
increasing anthropogenic greenhouse gas emissions.
Using an atmosphere-ocean general circulation model
(AOGCM), we investigate the effects of the removal of
the ice sheet on atmospheric temperatures, circulation,
and precipitation. We find that locally over Greenland,
there is a warming associated directly with the altitude
change in winter, and the altitude and albedo change in
summer. Outside of Greenland, the largest signal is a
cooling over the Barents sea in winter. We attribute
this cooling to a decrease in poleward heat transport in
the region due to changes to the time mean circulation
and eddies, and interaction with sea-ice. The simulated
climate is used to force a vegetation model and an ice-
sheet model. We find that the Greenland climate in the
absence of an ice sheet supports the growth of trees in
southern Greenland, and grass in central Greenland.
We find that the ice sheet is likely to regrow following
a melting of the Greenland ice sheet, the subsequent
rebound of its bedrock, and a return to present day
atmospheric CO2 concentrations. This regrowth is due
to the high altitude bedrock in eastern Greenland
which allows the growth of glaciers which develop into
an ice sheet.

1 Introduction

Present anthropogenic emissions of greenhouse gases
into the atmosphere are leading to increased global
mean surface temperatures (IPCC2001). Modelling
studies, which examine the effects of the increase of such
emissions, indicate that the greatest warming in the fu-
ture is likely to be in high northern hemisphere latitudes,
due to sea-ice and snow albedo feedbacks (IPCC 2001).
These studies are typically run with coupled atmosphere-
ocean general circulation models (AOGCMs), and sim-
ulate climate over a timescale of about a century. Over
millenia timescales, it is likely that ice-sheet/climate
feedbacks will be important in determining the evolution
of future climate. Due to the long timescales involved,
this is yet to be extensively investigated in the framework
of an AOGCM. However, simpler earth system models
of intermediate complexity (EMICs), can more easily be
used to simulate climate over the timescales involved in
ice-sheet/climate interactions. Loutre (1995) forced the
LLN-2D EMIC, which includes relatively simple inter-
active ice sheets, with a plausible CO2 concentration
scenario for the next 5,000 years, peaking at 710 ppmv
in year 500, and found that the Greenland ice
sheet almost completely melted by the end of the simu-
lation. More recently, Loutre and Kageyama (2003)
forced the CLIMBER EMIC, coupled (via the atmo-
sphere only) to a 3D ice sheet model, with another
plausible CO2 scenario peaking at over 1,600 ppmv in
year 325 of the model simulation, and also arrived at an
entirely melted Greenland in about 5,000 years. As well
as a direct climatic effect, related to the decrease in
altitude and change in surface characteristics, the melt-
ing of the Greenland ice-sheet would result in a sea-level
rise of about 7 m, and possible changes to the thermo-
haline circulation, due to the input of freshwater. The
climatic effect has been investigated by Toniazzo et al.
(2004), who found a 6.7�C increase in annual mean
surface air temperature over an ice-free Greenland,
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relative to present, using an AOGCM. By examining the
development of snow-cover over Greenland bedrock in
the model, they also concluded that, given a return to
pre-industrial CO2 levels, the Greenland ice-sheet would
not re-glaciate. However, they did point out the need for
high-resolution ice-sheet model simulations to investi-
gate this further. In the context of the Pliocene glaciation
of Greenland, Crowley and Baum (1995) carried out a
series of GCM sensitivity studies with an ice-free
Greenland, and found that, with a variety of different
prescribed surface types in the place of the Greenland ice
sheet, the Greenland summer surface air temperature
remained above 0 �C, and there was no build-up of snow
cover in the model. They also suggested that even with a
model capable of resolving the high-altitude mountains
in eastern Greenland, an ice-sheet may not develop due
to high summer temperatures at lower altitudes, en-
hanced by vegetation feedbacks.

In this paper, we investigate the effects on the earth
system of a melting of the Greenland ice sheet. Using an
AOGCM, we investigate the direct and indirect effects of
the melting of Greenland on the atmosphere. In a similar
way to previous workers (Rind 1987; Felzer et al. 1996),
we look at the relative importance of albedo and ice-
sheet height on determining the response to the change
in boundary conditions. Focus is on the mean climatic
effect of the removal of the ice sheet, rather than tran-
sient effects, such as its influence on individual cyclones,
for which higher resolution models are more appropriate
(Kristjánsson and McInnes 1999). As well as telling us
about possible future climate changes, it also gives in-
sight into the role of Greenland in influencing present
day weather and climate. By feeding the climate, ob-
tained in the AOGCM without the ice sheet, into an off-
line vegetation model, we investigate the likely distri-
bution of vegetation on an ice-free Greenland. Using a
similar methodology with a high resolution ice-sheet
model, we also address the question of whether the
Greenland ice sheet is likely to re-glaciate, following a
melting driven by greenhouse gas increases.

2 Experiment description

The results shown in this paper are primarily based on
two AOGCM simulations: a present day control, and a
simulation in which the Greenland ice sheet is removed.
The results from the AOGCM simulations are then used
to force an offline vegetation model, and an offline ice-
sheet model. Section 3.1 describes the models, and Sect.
3.1 gives details of the simulations.

2.1 The models

To perform the two AOGCM simulations in this paper,
we use the Institut Pierre Simon Laplace (IPSL) coupled
ocean-atmosphere GCM, IPSLCM4. This model con-
sists of the LMDz3.3 atmospheric model (Li 1999), the

OPA8.1 ocean model (Madec et al. 1999), and the
SECHIBA land surface scheme (Ducoudré et al. 1993;
Viovy and de Noblet 1997; de Rosnay and Polcher
1998). For this work, the spatial resolution of LMDz3.3
and SECHIBA is 5� in longitude and 4� in latitude. That
of OPA8.1 is 4� in longitude and 3� in latitude, with an
increased latitudinal resolution of 1� near the equator.
LMDz3.3 has 19 vertical levels, and OPA8.1 has 30,
with a resolution of 10 m in the topmost 100 m, and
500 m near the bottom. Physical parameterisations in
LMDz3.3 include the Tiedtke (1989) convection scheme
and the Lott and Miller (1997) sub-gridscale orography
scheme. Treatment of radiation follows Fouquart and
Bonnel (1980) for short-wave radiation, and Morcrette
(1991) for long-wave radiation. The OPA8.1 model
solves an approximate form of the Navier-Stokes
equations and the equation of state. Turbulent diffusion
and viscosity are parametrized along neutral surfaces
(surfaces along which fluid particles can be moved
without doing any work against gravity), and vertically.
The turbulent kinetic energy (TKE) scheme of Blanke
and Delecluse (1993) is used in the vertical, to compute
mixing coefficients. On neutral surfaces, the parametri-
zation of baroclinic instabilities of Gent and McWil-
liams (1990) is used. Coupled to the ocean model is the
LIM sea-ice model (Fichefet and Morales Maqueda
1999), which simulates salt, freshwater, and momentum
exchanges between the ice and ocean. We use OPA8.1 in
‘damped’ mode, where the deep ocean temperatures and
salinities are nudged towards those of present day
observations (Levitus 1982), using a Newtonian damp-
ing term. This technique results in a shorter period for
the system to reach equilibrium than in the fully coupled
mode (years as opposed to centuries), but allows the
upper ocean to interact thermodynamically with the
atmosphere. However, the damping means that energy
and salt are not strictly conserved, and the ocean current
response to changes in forcing is not simulated correctly.
The damping is not applied in the uppermost 100 m of
the ocean, to allow sea surface temperatures (SSTs) and,
in particular, sea-ice, to respond to changes in atmo-
spheric forcing. Nor is it applied in the surface mixed
layer, whose depth is diagnosed from the TKE scheme.
In regions like the North Atlantic, this allows the ocean
to rapidly react to atmosphere fluxes on depth of several
hundred meters. A simulation we have carried out under
increased CO2 conditions, using the damped ocean,
(Lunt and de Noblet-Ducoudré 2003) shows patterns in
surface temperature change which more closely resemble
those from fully coupled simulations (e.g. IPCC 2001)
than from simulations using a slab ocean (e.g. IPCC
1995). Compared to the traditional slab ocean, our ap-
proach allows for more feedbacks between the ocean
and the atmosphere. In a previous study similar to this
one, in which fresh water fluxes associated with the
melting of Greenland were also ignored, Toniazzo et al.
(2004) used a fully coupled ocean model without any
damping, but found no evidence of significant change in
the strength of the Atlantic meridional overturning
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circulation, which further justifies our use of the damped
ocean.

For the vegetation simulations, we use ORCHIDEE,
which is a dynamical global vegetation model, developed
by Krinner et al. (Submitted to Global Biogeochemical
Cycles). It is principally designed to be included on-line
in atmospheric GCMs or regional climate models, but
can also be used in off-line mode, where the atmospheric
forcing is imposed from either observations or climate
simulations. ORCHIDEE simulates the principal pro-
cesses of the continental biosphere influencing the global
carbon cycle (photosynthesis, autotrophic respiration of
plants, and heterotrophic respiration from soils) as well
as latent, sensible, and kinetic energy exchanges at the
surface of soils and plants. As a dynamical vegetation
model, it explicitly represents a number of competing
processes (such as fighting for light), the response of
plants to some disturbances such as fire, and the ability
of plants to quickly colonize non-vegetated areas. It can
thus be used in transient simulations of climate change.
The whole seasonal phenological cycle is calculated
prognostically without any prescribed dates or use of
satellite data. One of the ORCHIDEE sub-models,
SECHIBA (Ducoudré et al. 1993; Viovy and de Noblet
1997; de Rosnay and Polcher 1998), which computes all
instantaneous fluxes at the land-surface/atmosphere
interface, has been used on-line for the GCM simula-
tions, while the full code has been used off-line to
investigate the vegetation resulting from the GCM-
simulated climates. The land-surface, in ORCHIDEE, is
described as a mosaic of 12 plant functional types
(PFTs) and bare soil. Each of these 13 surface descrip-
tors can simultaneously occupy the same grid box.
Fluxes and soil moisture reservoirs are computed sepa-
rately for each PFT (and bare soil). High-latitude bio-
mes are not represented, as such, in ORCHIDEE but
may result, as in most global dynamic vegetation mod-
els, from combinations of our limited set of PFTs. The
very large variations in the composition and structure of
Artic ecosystems (for example erect versus prostrate
dwarf shrub tudra, cushion forb, lichen and moss tun-
dra), that are largely determined by specific climatic
gradients (for example growing season warmth, soil
moisture and snow cover), are obviously not very well
represented in such models and the launch of initiatives
like the pan arctic initiative (Kaplan et al. 2003) will lead
to the improvement of ORCHIDEE-like models in the
near future. Nevertheless, as our goal in this paper is to
see whether the climatic conditions over an ice-free
Greenland would allow for the growth of any type of
vegetation, we think ORCHIDEE, even at these very
high latitudes, is adapted for that purpose.

The ice sheet model used in the present work is the
GREnoble model for land ice of the northern hemi-
sphere (GREMLINS), developed in the Laboratoire de
Glaciologie et de Geophysique de l’Environnement,
Grenoble. The model has been calibrated against pres-
ent-day Greenland. It is forced by surface temperature
and precipitation data, which can either come from

observations, such as CRU (New et al. 1999), or from
model output, such as a GCM. A comprehensive
description of the model and its equations can be found
in Ritz et al (1997). The model is a three-dimensional
thermomechanical ice-sheet model that predicts the
evolution of the geometry (extension and thickness) of
the ice and the coupled temperature and velocity fields.
The model deals only with grounded ice and not with ice
shelves. The equations are solved on a Cartesian grid
(45·45 km) corresponding to 241·231 grid points in the
Northern Hemisphere. The evolution of the ice sheet
surface and geometry is a function of surface mass bal-
ance, velocity fields, and bedrock position. The isostatic
adjustment of bedrock in response to the ice load is
governed by two components: the flow of the astheno-
sphere with a characteristic time constant of 3,000 years,
and the rigidity of the lithosphere which is taken into
account by computing the spatial shape of the deflection
due to one unit load. The temperature field is computed
both in the ice and in the bedrock by solving a time-
dependent heat equation. Changes in the ice thickness
with time are a function of the ice flow, the surface mass
balance and the basal melting. The ice flow results both
from internal ice deformation and basal sliding, and the
surface mass balance is the sum of accumulation and
ablation. The accumulation term is computed from the
GCM simulated precipitation, assuming that with a
surface air temperature below 2�C, all the precipitation
is solid precipitation (the value of 2�C is from an
observational study carried out in the Alps by the Centre
d’etudes de la neige, Grenoble (Catherine Ritz, personal
communication)). The ablation term is computed using
the positive degree day method which is based upon an
empirical relation between air temperatures and melt
processes.

2.2 The simulations

We carry out two simulations using the IPSLCM4
GCM. These are a present day control simulation
(control), and a simulation in which the Greenland ice
sheet is removed (noice). In the noice simulation, the
orography in the Northern Hemisphere is taken to be
that of the bedrock after isostatic rebound. After, and
during a melting of the Greenland ice sheet, the bedrock
would rebound upwards, no longer held down by the
weight of the ice sheet. To assess this rebound for
Greenland, we forced the GREMLINS ice sheet model
with a very large surface heating and decrease in pre-
cipitation, so that the Greenland ice sheet completely
melted. It is beyond the scope of this paper to investigate
the melting in any detail, our objective being only to get
a rebounded Greenland as a boundary condition for the
noice simulation. Following the melting, the bedrock
rebounded and equilibrated in about 4,000 years. The
equilibrium bedrock height, which is independent of the
speed of the melting, is the altitude used in the noice
simulation. This is the same approach as used by
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Toniazzo et al. (2004); in fact, they carried out two
simulations, one with a rebounded topography and one
without rebound, and did not find any major differences
between them.

In addition to the orography change, the Northern
Hemisphere ice sheets are replaced with a barren tundra
vegetation. The principal effect of the change in surface
type is a decrease in the albedo of the snow-free surface.
There are also secondary changes related to the change
in surface type: the surface roughness length over
Greenland increases, water is allowed to moisten the
soil, and fluxes such as transpiration, interception loss
and evaporation of ground-water can take place, to-
gether with sublimation of snow.

No freshwater flux anomalies are applied in any of
the simulations described in this paper; they are equi-
librium simulations. In reality, accompanying the melt-
ing of an ice sheet such as Greenland, there would be a
flux of fresh water into the surrounding oceans. This
would potentially have effects on the stability of the
thermohaline circulation. However, this flux is not ap-
plied in this GCM simulation because the damped ocean
temperatures and salinities used in our simulations make
the model incapable of correctly simulating fresh water
flux anomalies. The freshwater flux problem is discussed
further in Sect. 6. Our main assumption in this sensi-
tivity study is that even if the fresh water flux results in a
weakening of the thermohaline circulation, it is likely to
eventually recover. Our GCM simulations therefore
represent a time period after which equilibrium has been
reached. We also neglect the approximately 7 m sea-
level rise associated with the freshwater input. The sea-
level rise would only affect a small number of gridboxes
in the model simulation and is unimportant for global
climate, but could have a large effect on coastal com-
munities. We have chosen to keep CO2 and other
greenhouse gas concentrations the same as in the control
simulation. This is primarily to allow a clean compari-
son between the two simulations. Also, our simulation
can be thought of as representing a time period in the

future when greenhouse gases have decreased from their
maximum values, and reached present day values again.
The scenario used in the CLIMBER simulation dis-
cussed in Sect. 2 suggests that this could be approxi-
mately 60,000 years in the future. At this time, the
earth’s orbit would be different from that of the present;
however, sensitivity studies we have carried out under
different orbital configurations (not shown), indicate
that the changes discussed in this paper are robust to the
change in forcing. Further justification of the choice of
present-day CO2 for the noice simulation comes from
the paleo record. This indicates that during the Pliocene,
about 3 MyrBP, the Greenland ice sheet was greatly
reduced relative to present, and the CO2 concentration
was similar to that of the present (Raymoa et al. (1996)
find a Mid-Pliocene CO2 concentration of about
380 ppmv). This indicates that a much reduced Green-
land ice sheet is not inconsistent with the climate asso-
ciated with CO2 levels similar to that of today.

In summary, there are two principal boundary con-
dition changes applied in the noice simulation, related to
the melting of Greenland: a decrease in altitude, and a
decrease in albedo of the snow-free surface.

Figure 1 shows the orography in the region of
Greenland in the control and noice simulations, at the
resolution of the GCM. The maximum altitude is
2740 m in the control and 1020 m in the noice case.
Interpolation onto the relatively coarse resolution of
the GCM leads to an under-representation of the
maximum bedrock height on the eastern coast of
Greenland in the noice case, which is 2870 m at the
45·45 km resolution of the GREMLINS ice-sheet
model. The albedo of ice-sheet in the GCM is 0.85.
That of barren tundra, which replaces the Greenland
ice sheet in the noice simulation, is about 0.2, but this
increases if there is snow-cover. Both GCM simulations
are 40 years in length. All the results presented and
discussed are for the last 30 years of the simulations,
unless otherwise stated. The initial 10 years allows
sufficient time for an equilibrium to be attained

Fig. 1 a,b Orography in metres, at the resolution of the GCM, a in the control simulation, and b in the noice simulation

682 Lunt et al.: Effects of a melted greenland ice sheet on climate, vegetation, and the cryosphere



between the sea ice, the near-surface atmosphere, and
the uppermost 100 m of the ocean.

We carry out two vegetation simulations, a control
(V:control), and a no-Greenland simulation (V:noice).
In the control, ORCHIDEE is driven by a present day
monthly mean CRU climatology (New et al. 1999),
passed through a weather generator which constructs
higher frequency atmospheric forcing together with an
interannual variability (J. Foley personal communica-
tion). For the V:noice simulation, we use what is known
as the anomaly strategy, traditionally employed for past
climate simulations, and discussed in de Noblet et al.
(2000) with more references therein. The difference be-
tween the perturbed climate (noice) and the simulated
present day climate (control) is added to the present day
climatology, to reconstruct the forcing which is used as
input to ORCHIDEE, via the weather generator. Both
simulations are run at the resolution of the GCM for
500 years, starting from bare ground at all points. This
allows for most vegetation types to reach their equilib-
rium distribution, although true equilibrium (i.e. with no
further change in the area occupied by each PFT) is
never reached, since the interannual variability of cli-
mate may always lead to years with, for example, very
cold winters which will then kill large proportions of
temperate needleleaved evergreen trees, and allow the
growth of grasses and temperate deciduous trees (Lunt
and de Noblet-Ducoudré 2003). A subsequent longer
spin-up (20,000 years) is applied so that all carbon pools
(especially soil carbon) can equilibrate, although this
does not affect the PFT distribution.

For the ice sheet simulations, we also use the
anomaly strategy. For the no-ice simulation (I:noice),
the procedure used to force GREMLINS with GCM
outputs is the same as that previously described by
Charbit et al. (2002). The climatic fields driving
GREMLINS are the mean annual and summer 2 m
temperature, and mean annual precipitation. The tem-
perature is expressed as a function of the temperature
difference between the noice and control simulations,
corrected by the difference of surface topography. The
correction is made by applying a constant lapse rate
(8�C per km for the annual and 6.5�C per km for the
summer temperature), derived from observations
(Ohmura and Reeh 1991). This difference is then added
to a present day observed climatology (ERA reanalyses;
Gibson et al. 1997; Kallberg 1997; this climatology is
different from the one used for the GCM validation and
the vegetation model anomalies, but this does not sig-
nificantly affect the results). The reconstructed precipi-
tation term, expressed as a ratio, accounts for changes
in temperature between both Greenland configurations,
and for changes in atmospheric circulation and hyro-
logical cycle. The first contribution is assumed to be
governed by the saturation pressure of water vapour
which depends exponentially on the temperature in the
atmospheric layer where precipitation is formed. With
such a dependence, the temperature anomaly expressed
as a difference leads to a precipitation anomaly

expressed as a ratio. Because the ice-sheet model is
running offline, changes in temperature due to changes
in albedo are not taken into account; however, changes
in temperature due to changes in altitude are included,
as the forcing climate is always interpolated onto the
altitude of the surface in the ice-sheet model. The
I:noice simulation is for 150,000 years, which gives
plenty of time for the ice sheet to respond to the climate
forcing and to reach an equilibrium.

3 Evaluation of the control simulations

3.1 Climate: control

The control climate needs to be evaluated relative to
observations because IPSLCM4 is a relatively new
model. Here we concentrate on the SSTs, 2 m air tem-
perature over land, 850 mbar geopotential height and
temperature, precipitation, sea ice, and mid-tropo-
spheric storm tracks. These variables are examined in
detail later, in the noice case. We concentrate on the
DJF season, as this is when the largest circulation
changes take place when the Greenland ice sheet is re-
moved, but also examine JJA, as summer temperatures
are important for determining the development of ice-
sheets, and growth of vegetation.

The global SSTs are generally simulated in good
agreement with observations (not shown, AMIP; Gates
1992). In the annual mean, there is a slight warm bias of
+0.05�C, equatorwards of 60�N and 60�S. The coupled
model does a good job of simulating SSTs far from land,
but has a warm bias off continental west coasts of up to
5�C, and a similar warm bias south of Newfoundland.
The global 2 m land temperatures are also reasonably
simulated with respect to observations (not shown,
CRU; New et al. 1999), but there is a warm bias of
+2.4�C in the annual mean. The bias is particularly
strong in Northern Hemisphere high latitudes, and in
siberia in DJF, is as much as +20�C. However, over
Greenland itself, the temperature bias is relatively small,
and over central Greenland, is less than 2�C in DJF and
the annual mean. In JJA, there is a cold bias of about
�3�C over central Greenland, and a warm bias of about
+3�C over southeast Greenland.

Figure 2 shows the DJF air temperature at 850 mbar
as simulated by the model, and the difference between
this and observations (NCEP reanalysis; Kalnay et al.
1996). In the observations, extrapolation is carried out if
the surface is at a higher altitude than that corre-
sponding to 850mbar, whereas in the model there is no
extrapolation, and these regions are shown as white in
the plot. The zonal mean DJF temperature at this level is
reasonably well simulated, but equatorwards of 75�N,
there is a cold bias of about �1.4�C, and polewards of
75�N, there is a warm bias of about +0.6�C. The
modelled temperatures are too warm by over 6�C to the
west of Greenland, and by over 4�C over Alaska
and Siberia. There is a cold bias of over 6�C east of
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Scandinavia and the west Pacific and east Asia. Simu-
lated and observed temperatures are in better agreement
in JJA than in DJF; warm biases of about +4�C on
continental west coasts are possibly related to the too
warm SSTs in the same regions. Some of the afore-
mentioned errors in temperature are likely related to the
relatively low resolution of the model. In particular, the
cold bias in the mid and upper troposphere to the low
vertical resolution, and regional errors in SST to the low
resolution of the ocean model (OPA8.1 is usually run at
2� in longitude as opposed to the 4� used here).

Figure 3 shows the DJF geopotential height at
850 mbar as simulated by the GCM in the control

simulation, and the difference between this and obser-
vations (NCEP reanalysis; Kalnay et al. 1996). The
850 mbar geopotential height in the model in the Aleu-
tian region is too low, which could be related to cold air
temperatures over the West Pacific, causing an increase
in density. The low over the west Atlantic is centered too
far west, resulting in near-surface Atlantic westerlies
which are too weak. There is a region of high pressure in
the model over the Arctic, which is more intense than in
the observations. This may be contributing to the cold
temperatures in northern Scandinavia, by transporting
cold Siberian air westwards. In JJA (not shown), the
wavenumber 2 planetary wave pattern is well simulated.

Fig. 3 a,b Geopotential height in metres at 850 mbar in DJF. a In the control simulation. b The control simulation minus observations
(NCEP reanalysis; Kalnay et al. 1996). White regions are where the modelled orography is at a higher altitude than that corresponding to
850 mbar

Fig. 2 a,b Temperature in �C at 850 mbar in DJF. a In the control simulation. b The control simulation minus observations (NCEP
reanalysis; Kalnay et al. 1996). White regions are where the modelled orography is at a higher altitude than that corresponding to
850 mbar
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In general, the winter sea-ice distribution is well
simulated in the model. However, in observations
(AMIP; Gates 1992), there is a tongue of sea-ice which
extends from the Arctic Ocean through the Bering
Straight and into the North Pacific, which is not simu-
lated by the model. On the other hand, the sea ice
reaches too far south in the model in the Barents Sea,
reaching the north coast of Scandinavia. These differ-
ences are both consistent with errors in the modelled
near-surface air temperatures. In JJA, the sea ice extent
is also well simulated, although there is not enough sea
ice to the east of Greenland, also consistent with the air
temperature anomaly.

Storm-tracks are regions of high day-to-day vari-
ability, and are associated with high baroclinicity and
large scale precipitation. Figure 4 shows the variability
in the model and as calculated from observations
(NCEP reanalysis; Kalnay et al. 1996), as the high fre-
quency (less than 6-day) variability of the geopotential
height at 500 mbar, �Z 02high�pass; which can be used as a
diagnostic of storm-tracks (e.g. Hoskins and Valdes
1990). In general, the high frequency variability is
underestimated in the model. There is a region of high
variability over the North Atlantic in the model, with a
maximum situated, in agreement with the observations,
in the west Atlantic. The orientation of the Atlantic
storm track is also well simulated, turning polewards
along the south-east coast of Greenland. In the obser-
vations, there are significant storm tracks over the Pa-
cific, but these are very weak in the model. Kageyama
et al. (1999) have compared the storm tracks in a variety
of GCMs, and the storm tracks in this model are similar
to those in other GCMs of similar resolution. They find
that GCMs of higher resolution (for example T42, or
3.75�·2.5�), in general simulate more intense storm
tracks, in better agreement with observations. So, even

though the 850 mbar geopotential height in the Aleutian
region is too low, the inability of the model to correctly
resolve passing weather fronts and cyclones means that
the storm tracks in this region are too weak.

Northern Hemisphere winter precipitation in the
model (not shown) is in general reasonably simulated
compared to observations (CMAP, Xie and Arkin 1997,
not shown). However, the modelled maximum in pre-
cipitation over the Pacific is situated in the east rather
than in the West. This may be related to the near surface
air temperatures which are too cold in the west Pacific.
Over the Atlantic, the position and magnitude of the
maximum of precipitation is well simulated, but it
extends too far east, across the Atlantic and into the
Iberian Peninsula. This is not consistent with the errors
in the model storm tracks, which would lead one to ex-
pect an undersimulation of DJF precipitation. However,
it may be related to the relatively cold mid-tropospheric
temperatures in the model, which would lead to an in-
crease in vertical instability in the model, and a possible
increase in precipitation. The JJA precipitation is not as
well simulated, there being an oversimulation of precip-
itation off the east coast of North America, and north of
the Himalayas, of over 4 mm day�1. This may be due to
a warm surface temperature bias relative to observations
in these regions. Over Greenland itself, in the annual
mean there is too much precipitation on the west coast,
by up to 4 mm day�1, and in the south by about
1 mm day�1. In eastern and central Greenland the pre-
cipitation is in better agreement with observations.

3.2 Vegetation: V:control and ice sheets: I:control

It is rather difficult to evaluate the present day simu-
lated distribution of vegetation types with any actual

Fig. 4 a,b DJF high pass variability of 500 mbar geopotential height, �Z 02high�pass; a from the control simulation and b from observations
(NCEP reanalysis; Kalnay et al. 1996)
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vegetation maps, since about 40% of the landscape is
covered with crops and managed prairies. ORCHIDEE
is only able to simulate potential vegetation distribution,
which is the vegetation which would exist if there were
no human influence on the landscape. The traditional
approach is to compare results with those from other
dynamic global vegetation models (DGVMs). The
extension of deserts and semi-arid land is well positioned
and demonstrates that the temperature and rainfall
thresholds used are of the correct magnitude. As in
many other DGVMs, ORCHIDEE tends to grow more
trees compared to grass outside of semi-arid regions, and
more evergreen trees than deciduous ones. This may be
partly due to the interannual variability used to drive
these DGVMs at present, which could be underesti-
mated. More discussion on the evaluation of ORCHI-
DEE can be found in Krinner et al. (Submitted to
Global Biogeochemical Cycles).

Simulations of present-day Greenland have been
performed previously by Ritz et al. (1997). The ice sheet
model, GREMLINS, used in the present study has been
calibrated against present day Greenland, to obtain the
best fit between model results and observations.

4 The no-Greenland results

This section presents and discusses the results from the
GCM, vegetation, and ice-sheet noice simulations, in
which the Greenland ice sheet is removed.

4.1 Climate and circulation

The interesting changes seen in the GCM when the
Greenland ice sheet is removed can be divided into two
types. Firstly, there are local changes to temperature,

which we will show are directly due to changes to the
altitude and albedo of the Greenland surface. These
surface changes do not extend far beyond Greenland
itself, and are essentially independent of any circulation
changes. Secondly, there are changes in the circulation
throughout the troposphere, primarily as a response to
the changed orography. These changes are more wide-
spread, and are linked closely to changes in tropospheric
geopotential height and temperature, and also interact
with synoptic scale eddies, and surface temperature
outside of Greenland, primarily by interaction with the
sea-ice. We also consider precipitation changes which
are important when we look at changes to vegetation on
Greenland, and the growth of the Greenland ice sheet.

We start by looking at the surface temperature
changes locally over Greenland in DJF and JJA sea-
sons. We go on to look at atmospheric and oceanic
changes, and link together changes in geopotential,
temperature, sea-ice, and heat transport by both the
time mean circulation and eddies. In the atmospheric
case, the changes are most interesting in DJF when the
northern hemisphere atmosphere is more unstable. In
this section, all changes have been tested with Student
T-test, and we only discuss those which are more than
90% significant.

4.1.1 Local surface temperature changes

Figure 5 shows the change in 2 m temperature, noice-
control, for DJF and JJA. In both seasons, the largest
change in surface temperature is over Greenland itself.
In DJF, the maximum mid-Greenland temperature
increase is 14�C; in JJA, it is 21�C. Averaged over the
Greenland region (defined as being 60�N to 85�N, and
20�W to 60�W, the temperature increase is 4.0�C in DJF,
and 8.5�C in JJA. Also present in DJF is a region of
decrease of surface temperature, centred over the

Fig. 5a,b Two meter temperature change in �C, noice-control, a in DJF and b in JJA. Note the non-linear scale. White regions are those
where the statistical significance is less than 90%, as given by a Student T-test
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Barents Sea, in the Arctic Ocean north of Scandinavia.
There is a similar, less intense decrease, centered on the
Bering Sea. It is clear that the principal effect of
removing the Greenland ice-sheet is relatively localised.

To allow a greater understanding of all the changes
seen in the noice simulation, we have also carried out a
further GCM simulation (lowice) in which we lower the
orography over Greenland to the bedrock level, as in the
noice simulation, but leave the surface characteristics
(including albedo) as those of the ice sheet. The lowice
simulation is similar to the nogreen simulation of Pet-
ersen et al. (2004), except where we set the orography to
the bedrock, they set the orography to sea level. In
simulation lowice, the DJF temperature change over
Greenland compared to the control is +4.1�C. This is
very similar to the +4.0�C in the noice case. This sim-
ilarity is explained by the fact that in DJF, at these high
latitudes, the daily mean insolation is very low (only
0.2 Wm�2 of solar radiation is absorbed at the Green-
land surface in DJF), and so the DJF temperature in-
crease in the noice case is not related to any change in
albedo, which produces a temperature change which
depends on the intensity of the insolation. Furthermore,
in DJF it is cold enough in noice so that all the precip-
itation falls as snow, resulting in a DJF albedo which is
in fact very similar to that in control. The magnitude of
the DJF temperature change over Greenland, in both
the noice and lowice simulations, is also consistent with
a simple lapse-rate calculation. The decrease in altitude
alone would be expected to cause a surface temperature
change of approximately �G Dz, where G is the lapse
rate, and Dz is the change in altitude. Taking G as the
mid-tropospheric DJF value from the simulation, this
gives a Greenland average temperature change of about
4�C. This suggests that circulation changes are not
important in determining the temperature change locally
over Greenland in DJF.

In JJA, the temperature change due to the change in
altitude alone is given by the difference in 2 m tem-
perature over Greenland between lowice and control, of
3.3�C. This is less than the DJF value of 4.1�C because
in DJF there is a temperature inversion just above the
surface in the control experiment, which is not present
in lowice. This means that the control surface temper-
ature is relatively cold compared to the lowice surface
temperature, and means that the lowice–control differ-
ence is greater in DJF than in JJA, when neither sim-
ulation has an inversion. In JJA, the surface of
Greenland absorbs significantly more downwelling
short-wave radiation in the noice case (150 W m�2)
than in the control (50 W m�2). This is due to the lower
albedo in noice, and results in warmer surface Green-
land temperatures in noice. Neglecting possible contri-
butions from changes in circulation, it can therefore be
said that in JJA, the total temperature change of 8.5�C
is made up of an albedo effect of 5.2�C, and an altitude
effect 3.3�C.

The 2 m air temperature change is more localised in
DJF than in JJA, possibly due to the fact that the albedo

change in JJA actually results in an input of heat into the
atmosphere, which can then be advected away, whereas
the change in 2 m temperature in DJF is principally a
result of the altitude at which the temperature is
measured.

4.1.2 Tropospheric temperature and circulation changes

DJF Figure 6 shows the DJF geopotential height
change at 500 mbar, noice–control. This varies little
throughout the troposphere, due to the barotropic nat-
ure of the response. We show 500 mbar rather than sea
level pressure because this avoids the need to extrapolate
over regions of orography, and in particular over
Greenland itself. There is a decrease in geopotential
height over southern, central and western Greenland,
which extends and deepens over the North Atlantic. This
decrease in geopotential height over the decreased
orography is consistent both with previous GCM work
(Toniazzo et al. 2004), and with theory (Hoskins and
Karoly 1981). There is an increase in geopotential to the
east of Greenland, which extends and becomes more
intense over Scandinavia and into central Eurasia. There
is also an increase in geopotential to the west of
Greenland, which is seen also by Petersen et al. (2004),
who attribute it to cold air in the control simulation over
northern Canada, which can not be advected away by
passing cyclones due to the blocking effect of the
Greenland orography. Also, the results can be inter-
preted as the removal of the Greenland ice sheet
decreasing the amplitude of the planetary waves,
resulting in a change in geopotential which mirrors the
absolute geopotential, which has a wavenumber two
characteristic at high latitudes. There are also more re-
mote changes; overall, the response appears to be mainly

Fig. 6 DJF geopotential height anomaly change, minus zonal
mean, in metres, noice-control, at 500 mbar. The green line
encloses those regions where the statistical significance is greater
than 90%, as given by a Student T-test
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wavenumber three in mid latitudes and wavenumber two
at polar latitudes.

Figure 7a shows the difference in DJF air tempera-
ture, noice–control, also at 500 mbar. This is very sim-
ilar in form to, and consistent with, the geopotential
change. The exception is over Greenland itself, where
there is a decrease in geopotential, but an increase in
temperature. This is because 500 mbar is close to the
surface in the control simulation, where the air temper-
atures are reduced by the relatively cold ice-sheet sur-
face. Further from the surface, there is actually very little
difference in temperature between the two simulations
over Greenland itself. Figure 7b is the same but at
850mbar. Here there are also some correlations between
the geopotential and temperature change. However, it
can be seen that there is significant interaction with the
surface. The regions where the noice simulation is cooler
than the control at 850 mbar, in particular over the
Barents and Bering Seas where there is a cooling of
2.0�C and 1.5�C respectively, are also cooler at 2 m (see
Fig. 5a). This can partly be understood in terms of the
near surface atmospheric circulation change. Associated
with the tongue of increased geopotential which extends
from Eurasia, up to the east of Greenland, there is a
significant change in near-surface meridional wind speed
over the Barents Sea. The change in wind velocity at
500 mbar over Greenland and the Barents Sea, is shown
in Fig. 8. The figure shows that in the noice simulation,
there is increased meridional transport from the pole,
southwards over the Barents Sea, resulting in colder air
near the surface (both simulations have a southwards
wind component in this region, but in noice it is stron-
ger). This colder air results in an increase in sea-ice
coverage in the Barents Sea in the noice simulation
relative to the control, which is also shown in Fig. 8. The
change from an ocean surface to a sea-ice surface allows

the model to further decrease the surface temperature in
response to the atmospheric forcing. The colder air
temperatures, linked to the surface type change and the
atmospheric circulation change, propagate upwards in
the lower troposphere, but are no longer evident at
500 mbar. A similar mechanism can be used to explain
the low temperatures in the Bering Sea in the noice
simulation, which are also associated with an increase in
sea-ice cover, and a change in meridional transport,
linked with the low-high pressure dipole response over
the Pacific.
JJA In JJA, the temperature change throughout the
lower and middle troposphere is dominated by the
warming over and around Greenland. The increase of
sea-ice in the Barents Sea seen in DJF is also present in
JJA, and results in cooler surface temperatures in the
Barents Sea, but it is not sufficient to cause a decrease in

Fig. 7a,b DJF temperature change in �C, noice-control, a at
500 mbar and b at 850 mbar. Note the difference in scale between
the two plots. White regions in b are where the modelled orography
in the control simulation is at a higher altitude than that

corresponding to 850 mbar. The green lines enclose those regions
where the statistical significance is greater than 90%, as given by a
Student T-test

Fig. 8 Vectors show the change in wind velocity, noice–control, at
500 mbar in DJF. Colour shading shows the fractional change in
DJF sea-ice cover
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the near-surface air temperature. In JJA, the geopoten-
tial response to the local heating anomaly over Green-
land is also largely barotropic, and is a ridge to the
northeast of Greenland, and an associated trough to the
south, centred over southern Scandinavia. The strong
surface summer warming has consequences for the
development of both vegetation on Greenland, and the
regrowth of the ice sheet, as we show in Sects. 5.2 and
5.3.

4.1.3 Oceanic, precipitation and storm-track changes

The SST changes are similar to the 2 m air temperature
changes, shown in Fig. 5, and are relatively small, except
for warmings just off the southern tip of Greenland, of
about 1�C in DJF and about 2�C in JJA, and where
there are changes to the sea-ice cover. In the deep ocean,
there are no significant changes to the circulation or
temperature. Figure 9 shows the change in DJF pre-
cipitation, noice–control. The increase in precipitation
off the west coast of the Iberian Peninsula is due pri-
marily to changes in convective precipitation, whereas
other changes are due to the large-scale precipitation.
There is an intense and localised decrease in precipita-
tion in west Greenland in the noice simulation, and a
corresponding increase in precipitation in east Green-
land. In both the control and noice simulations,the mid-
tropospheric air flow is from Newfoundland, north and
east over the Greenland plateau, and then eastwards (in
observations (NCEP reanalysis; Kalnay et al. 1996), the
flow is slightly more zonal, and the air masses reaching
the west coast of Greenland at 500 mbar arrive from
further north). The precipitation occurs primarily in the
control when the air mass encounters the high Green-

land orography. In the reduced-orography noice simu-
lation, the change in altitude is not so sudden, and so the
precipitation is less intense, but over a larger area.
Toniazzo et al. (2004) also find increased precipitation in
eastern Greenland, but both they and Petersen et al.
(2004) also find a large decrease at the southern tip of
Greenland, which we do not see. This may be due to the
higher horizontal resolution of their models, which
better represent the orography. In our noice simulation,
there is also a decrease in large scale precipitation over
the West Atlantic, off the coast of Newfoundland, and a
corresponding increase to the south. This change can be
understood in terms of changes to the storm tracks;
Fig. 10 shows the change in the variance of the
500 mbar geopotential height, as in Sect. 1, noice–con-
trol. The main change in the storm track is that in the
noice simulation it does not veer as strongly northwards
up the south-east coast Greenland as in the control. This
is apparent in the dipole structure of the change, with a
minimum south-east of Greenland, and a maximum
further south. In the noice simulation, the Atlantic
storm track is also weakened further west, off the coast
of Newfoundland, north of 50�N. The reason for this
weakening may be the decrease in the meridional tem-
perature gradient at 500 mbar over the Atlantic, north
of 50�N (see Fig. 7), which would lead to a decrease in
vertical wind shear, and baroclinicity. This decrease is
also consistent with the decrease in large scale precipi-
tation off the coast of Newfoundland. Similarly, in the
same region but southwards of 50�N, the Atlantic storm
track is slightly intensified. In this region, there is an
increase in the meridional temperature gradient at
500 mbar. This is also consistent with the increase in
large scale precipitation in the same region. The decrease
in storminess over the North Atlantic in the noice sim-

Fig. 9 Change in DJF precipitation, in millimeter per day, noice–
control, zero contour suppressed.White regions are those where the
statistical significance is less than 90%, as given by a Student T-test

Fig. 10 Change in DJF high pass variability of 500 mbar geopo-
tential height, D�Z 02high�pass; noice–control. The green line encloses
those regions where the statistical significance is greater than 90%,
as given by a Student T-test
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ulation, and the associated decrease in polewards heat
transport, may also be a contributing factor to the de-
crease in the lower troposphere air temperature over the
Barents Sea, which is the driving mechanism for the
increase in sea-ice.

4.2 Vegetation

In the V:control simulation, Greenland is covered with
an ice-sheet (Fig. 11a), while the boundary condition
used to run the noice GCM simulation prescribed a
tundra vegetation consisting of about 35% grasses, very
few trees, and mostly bare ground (Fig. 11b). The
resulting climate change induced by the prescribed
changes over Greenland is sufficient to not only main-
tain vegetation over most of Greenland (Fig. 11c), but
also to allow for the growth of trees in south-western
Greenland and along the eastern coast. Grasslands
dominate most of the interior continent while totally
bare ground is found only at the extreme North. This
distribution of vegetation is most closely controlled by
temperature. At the extreme North, the cumulated de-
gree day temperature (above 0�C) does not exceed
150�C, the minimum required for any kind of plant to
grow. Further south, the growth of trees is not only
conditioned by available moisture but also by winter
temperatures. Below certain critical thresholds trees will
not grow, but where these thresholds are exceeded, due

to the orography-induced warming, trees dominate. The
annual net primary productivity of trees simulated in
these areas range between 350 and 500 g cm�2, which is
well above the minimum required of 140 g cm�2 dis-
cussed by Kaplan et al. (2003). Outside of Greenland,
the only significant change in vegetation distribution is a
small northward expansion of trees, in North America,
east and west of the Hudson Bay. All increases in tree
area have about the same partitioning between evergreen
and deciduous trees, with no specific predominance.
This simulation shows that in fact, where we put tundra
over Greenland into the noice-GCM simulation, a
mixture of trees and grass would have been more
appropriate. This has some implications for the ice sheet
simulations which follow.

4.3 The regrowth of the Greenland ice sheet

Figure 12a shows the thickness of the ice sheet at the end
of the I:noice simulation, when equilibrium has been
reached. It is clear that a substantial ice sheet is simu-
lated in eastern and central Greenland. Using GCMs,
previous workers (Toniazzo et al. 2004; Crowley and
Baum 1995) have used the evolution of surface snow
mass as an indicator of ice-sheet growth, and concluded
that an ice-sheet would not be able to develop once it
had melted. If the snow cover does not melt over sum-
mer, then the snow mass in a GCM will increase year by

Fig. 11a–c The dominant
vegetation type in each gridbox.
a Present day potential
vegetation as simulated by
ORCHIDEE (V:control).
b Vegetation cover used in the
GCM simulation noice.
c Vegetation cover with a
melted Greenland ice sheet,
simulated by ORCHIDEE
(V:noice), forced by the noice
climate
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year. Figure 12b shows the snow cover in the GCM-
noice simulation, from the last year of the simulation. At
each gridbox, the snow-cover plotted is that of the
month with the least snow cover. Non-zero values are
therefore an indication of possible ice-sheet growth. It is
clear that the two diagnostics are incompatible. The
GCM-noice snow cover indicates ice-sheet develop-
ment only in Ellesmere Island, northwest of Greenland.
This is consistent with the ground temperature in the
noice-GCM simulation, as this is the only northern
hemisphere land mass which has permanently sub-zero
temperatures. The main cause of the difference between
the two diagnostics is the high resolution of the ice sheet
model, although the climate is also different, whereas the
GCM sees the absolute temperature and precipitation,
the ice sheet model sees the temperature and precipita-
tion calculated by the anomaly method. The high reso-
lution means that the ice sheet model sees regions of very
high altitude, which are not represented by the GCM.
Glaciers form on most of the high altitude regions in
eastern Greenland, in particular those around 70�N. The
glaciers can then flow into regions which are otherwise at
relatively low altitude. This allows the gradual build up
of an extensive ice sheet, even covering regions of rela-
tively low bedrock. It is clear that the summer soil
temperatures over central Greenland in the GCM, which
are up to about 8�C, are not so warm as to prevent the
growth of the ice sheet. The growth of the ice sheet in
eastern Greenland is also being aided by the increase in
(solid) precipitation in this region, shown in Fig. 9 for
DJF, but actually occurring throughout the year. In
eastern Greenland, where the ice sheet is being initiated,
the precipitation in the control simulation is well simu-
lated compared to observations. However, in the west
this is not the case, and it is possible that a better sim-
ulation of precipitation in the control simulation would
result in a smaller increase in precipitation in the noice
simulation, and would make the Greenland ice sheet
grow more slowly, or reach a smaller equilibrium size,

due to the drier climate over Greenland. However, we
believe that this would not change our conclusion that
the ice sheet would at least start to regrow. This drier
climate could result from a better simulation of the mid-
tropospheric flow over Greenland, with the air masses
which arrive at Greenland’s west coast originating from
further north.

The implication of this ice sheet simulation is that if
the Greenland ice sheet were to completely melt, due to
increased greenhouse gas concentrations, which were
then reduced back to present day levels, then our work
suggests that the ice sheet would recover. It is very likely
that if a further iteration were carried out, and the GCM
run with the ice sheet in Fig. 12a, then the resulting local
summer climate would be cooler than the noice climate,
due to the albedo effect, and would be able to support a
larger ice sheet. This implies that given present day
greenhouse gas concentrations, the Greenland ice sheet
is not bistable (i.e. it can not exist in a stable state both
with and without an ice sheet), but will grow an ice sheet
if one is not present, due to the high altitudes in eastern
Greenland, which act as a trigger for ice sheet growth. It
is possible that with higher greenhouse gas concentra-
tions, the ice sheet may be bistable, but it would require
further sets of simulations to investigate this. One caveat
to this is that our vegetation simulation indicates that a
large fraction of Greenland is likely to become covered
in trees if the ice sheet were to melt. This would raise
the summer albedo, and possibly result in a smaller
equilibrium ice-sheet.

5 Discussion

How does this work compare to previous studies? The
most relevant study is that of Toniazzo et al. (2004), with
which some comparisons have already been drawn. They
carry out similar GCM simulations to ours, but with
the HadCM3 fully coupled atmosphere-ocean model

Fig. 12 a Ice sheet thickness at the end of the I:noice simulation, i.e. as predicted by GREMLINS forced by the noice climate. b Surface
snow mass (kg m�2) of the least snowy month, in the last year of the GCM simulation noice
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(Gordon et al. 2000; Pope et al. 2000). They simulate an
annual mean temperature increase over Greenland of
+6.7�C, compared to our +5.7�C, and have similar
changes to the radiation budget over Greenland. In
agreement with us, they simulate a cooler winter Barents
Sea, and attribute this to changes in the storm tracks,
but they do not see an associated substantial increase in
sea ice, and do not link this to changes in the time mean
circulation. They have substantial sea-ice increases to
the west and south of Greenland, and associated tem-
perature decreases, which are not present in our simu-
lation. It therefore seems that in terms of temperature,
the changes over Greenland itself are a robust feature,
independent of the climate model (assuming our and
their assumption of an unchanged thermohaline circu-
lation is correct), whereas more remote changes are not.
An exception is the cooling over the Barents Sea, which
is common to both models. The decrease in strength of
the North Atlantic storm tracks is also a robust feature
between the two models. A further comparison can be
made with the transient simulations of Loutre and Ka-
geyama (2003), described in Sect. 2. After Greenland
melted, northern hemisphere glaciation did not reach
present levels during their entire 200,000 year simula-
tion, and the Greenland ice sheet did not start regrowing
until long after the return to present day CO2 levels,
about 60,000 years in the future. However, their tran-
sient simulations included variations in solar forcing
which are not included in our equilibrium simulation;
when CO2 levels fall back to present day values in their
simulations the solar forcing in northern hemisphere
summer is high, which hinders the reglaciation. Fur-
thermore, whereas the GCM fields used to force the ice-
sheet model in our simulation are anomalies from the
present day control, Loutre and Kageyama (2003) use
absolute forcings from their climate model.

One weakness of the GCM approach is that it is not
very efficient to carry out transient simulations of the
complete melting of Greenland, due to the long time-
scales involved. This makes it difficult to investigate the
effects of the expected flux of fresh water into the ocean,
resulting from the melting of Greenland. It is possible
that such a flux would have significant implications for
the thermohaline circulation, and therefore SSTs and the
whole climate system. An appropriate tool for investi-
gating this problem is the EMIC, CLIMBER (Gano-
polski et al. 1998). Ganopolski and Rahmstorf (2001)
have used this model to carry out experiments in which
various freshwater fluxes are applied to the North
Atlantic. They find a freshwater flux threshold of about
0.07 Sv for a collapse of the thermohaline circulation.
This corresponds to a constant melting over about
1,400 years (assuming a Greenland ice-sheet volume of
3·106 km3). This is significantly shorter than the
4,700 years predicted by Loutre and Kageyama (2003)
for a complete melting of the Greenland ice sheet, and
this gives some confidence that we can safely neglect
the freshwater flux. In fact, the 0.07 Sv threshold
in CLIMBER is considered a low estimate, and the

HadCM3 (Gordon et al. 2000; Pope et al. 2000) ther-
mohaline circulation weakened but did not collapse with
1.0 Sv (J. Gregory, University of Reading, UK, personal
communication). Recently, Fichefet et al (2003) have
carried out a transient GCM/ice sheet model simulation
of the melting of the Greenland ice sheet, over the
timescale of the next century. In their work, the North
Atlantic overturning circulation was substantially re-
duced about 80 years from the present, following con-
tinuous freshwater input of about 0.015 Sv, resulting in
cooler temperatures in the North Atlantic by about 2�C
compared to present. These cooler temperatures would
possibly slow the melting of the ice sheet, indicating that
the Greenland ice sheet is perhaps more stable than
previous simulations would suggest. Unfortunately, they
did not extend their simulations beyond the end of the
twenty-first century, and so could not indicate whether
the thermohaline circulation would recover, or over
what timescale. Furthermore, their freshwater flux is
relatively very weak, and it is perhaps surprising that
such a large response was observed. Experiments we
have carried out with the CLIMBER model (not
shown), in which an artificially large fresh water flux,
corresponding to a complete melting of the ice sheet in
50 years, was added to the North Atlantic at the same
time as the orography and ice sheet over Greenland was
reduced, showed a recovery in the thermohaline circu-
lation after the timescale of a few centuries, and the
system equilibrated to the same state as that with no
freshwater input. However, all these results could well be
model dependent, and more work is required with more
complex models. In conclusion, we can say that by
neglecting the freshwater in the GCM-noice simulation,
and by using a bedrock appropriate for about
4,000 years in the future, we are consistently simulating
the earth system after a ‘slow’ melt of the Greenland ice-
sheet in which the thermohaline circulation did not
collapse, or equally well, simulating the earth system
after a ‘fast’ melt in which the thermohaline circulation
did collapse, but subsequently recovered and returned to
the initial state. The ocean model we have used, with the
damped ocean temperatures and salinities, is not an
appropriate tool to investigate this further. In the future,
transient experiments with the fully coupled version of
IPSLCM4 (i.e. without damping), in which freshwater
fluxes are added in appropriate regions for a Greenland
melt, could be carried out.

6 Conclusions

We have evaluated the IPSLCM4 GCM, and shown it to
simulate reasonably well certain aspects of the current
climate. We have used this GCM to carry out two
principal simulations: a present day control, and a
simulation in which the Greenland ice sheet is removed.
We have shown, using a further simulation in which the
altitude is reduced over Greenland but the surface type
kept as ice-sheet, that locally over Greenland, the DJF
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surface temperature increase is due solely to the de-
creased altitude. This is due to the very low insolation at
high northern hemisphere latitudes in DJF. We have
shown that 40% of the JJA temperature increase is due
to the decreased altitude and 60% due to the change in
surface type, specifically albedo. Outside of Greenland,
we have related the DJF temperature decrease over the
Barents Sea to interactions with the sea-ice cover, and
changes in the time mean atmospheric circulation due to
the decreased Greenland orography, and to decreased
poleward heat transport due to a decrease in storm
activity due to a decrease in the meridional temperature
gradient over the North Atlantic. We attribute the in-
creased East Greenland precipitation, and decreased
West Greenland precipitation, to the decrease in
Greenland orography.

The GCM-simulated climates are used to force the
ORCHIDEE vegetation model offline. This shows that
the absence of a Greenland ice sheet allows the growth
of trees in southern Greenland, and grass over most of
the rest of Greenland. The type of dominant vegetation
is controlled most closely in these regions by the tem-
perature of the coldest month. The GCM climates are
also used to force the GREMLINS ice-sheet model.
This indicates that following a complete melting, the
Greenland ice-sheet could regrow, provided that the
greenhouse gas concentrations returned to their present
day values. This is in contradiction with previous
workers who suggested that the Greenland ice sheet
may be bistable under present day forcing (Crowley
and Baum 1995; Toniazzo et al. 2004). It is possible
that with future stable elevated greenhouse gas con-
centrations, perhaps due to vegetation/climate feed-
backs, the ice sheet would not regrow, but this remains
to be investigated. A possible mechanism for the re-
growth is a ‘seeding’ of the ice-sheet in high altitudes in
eastern Greenland, which subsequently flows into the
lower altitude regions of central Greenland. We have
shown the build-up of snow-cover in the GCM itself to
be a poor diagnostic of ice-sheet growth, due primarily
to the low resolution.

In future, it would be informative to carry out more
in-depth studies into the mechanisms of change. An
example is the lowice simulation described earlier, which
shows the relative importance of the albedo and altitude
change. Future studies should involve cutting feedback
loops, for example by keeping the SSTs and sea-ice
constant, to assess their importance. Concerning the
GCM itself, the most recent version of IPSLCM4, not
used for this work, has an improved present day cli-
matology, related in part to the inclusion of Emanuel
(1991) convection scheme, in the place of that of Tiedtke
(1989), and should be used for future studies. In addi-
tion, more work should be carried out to assess the ef-
fects of using the damped ocean, by carrying out both
fully coupled and damped simulations, under a variety
of climate forcings. Another interesting study would be
to impose relatively cool SSTs in the North Atlantic to
simulate a shutdown of the thermohaline circulation.

Unfortunately, due to CPU constraints, this was not
possible in the framework of this study.

Future work should also investigate the transient
system in more detail. This could include asynchronous
coupling of the three components of the earth system
investigated here: atmosphere/ocean, vegetation, and
ice-sheets. It may be, for example, that the presence of
trees in southern Greenland, which our vegetation sim-
ulations show is likely, would result in a warmer
Greenland climate due to decreased albedo which would
inhibit ice-sheet growth. A fully transient experiment
should be carried out with an EMIC, capable of fully
coupling the components of the earth system. An
example is GENIE (Marsh et al. 2003), a model cur-
rently under development, which unlike traditional
EMICS, will be capable of a physical representation of
short-timescale atmospheric processes such as mid-lati-
tude storms, as well as having three dimensional ocean
and ice-sheet components.
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