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[1] A weakening of the Atlantic Meridional Overturning
Circulation (AMOC) in the next century is simulated by most
state-of-the-art coupled models but none of them accounted
for land-ice melting. Here we evaluate the impact of this
melting on future climate projection using the IPSL-CM4
coupled ocean-atmosphere model. For this purpose we use
two different versions of the model, one with a crude land-ice
melting parameterization, and the other without. The analysis
compares results of experiments where atmospheric CO2

increases by 1%/yr, performed with the two versions of this
model. The AMOC is reduced by 47% when the melting of
land-ice is considered, and represents an extreme melting
scenario. This reduction is of 21% without this melting. It is
shown that this difference in AMOC impacts the northern
hemisphere mostly through the sea-ice cover feedback.
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1. Introduction

[2] Most climate simulations with state of the art climate
models produce a weakening of the Atlantic Meridional
Overturning Circulation (AMOC) under greenhouse gas
warming [Schmittner et al., 2005]. An important spread in
the magnitude of this reduction between models has been
observed. It has now been established that this weakening is
primarily due to the increase in temperature at high latitude
[Gregory et al., 2005]. However, there is large uncertainty in
the role of the change in the freshwater budget at high latitude.
Also the different feedbacks involved with a reduction of
AMOC are not well understood, but could be large. Despite
the relatively small amount of meridional heat transport
driven by the ocean compared to the atmosphere, the AMOC
has a very strong impact on the climate because it contributes
to modifying the ocean heat budget at high latitude, thus
interacting with sea-ice properties. A decrease in the AMOC
diminishes the heat transport and may also increase the sea-
ice cover, which is likely to increase the atmospheric cooling
of the northern hemisphere through the sea-ice albedo feed-
back [Schmittner et al., 2002; Winton, 2003].
[3] The aim of this paper is to investigate the role of land-

ice melting in future climate scenarios. Models used for last
IPCC [Cubasch et al., 2001] did not take into account the
melting of the ice-sheets and glaciers in the hydrological
balance of the North Atlantic. This process is however of

importance, because the associated freshening of the con-
vection sites, located in the Labrador and Nordic Seas,
could lead to a decrease in AMOC. Therefore this melting
needs to be accounted for to better understand and quantify
the climatic impact of the AMOC reduction. The last IPCC
[Cubasch et al., 2001] estimated that melting of Greenland
glaciers would contribute to a sea level rise of about 9 cm in
the next century, which represents about 0.04 Sv (1 Sv =
106 m3/s) or a decrease of 5% of the Greenland ice sheets.
The contribution of the other glaciers and uncertainty on the
process of land-ice melting as well as the uncertainty in the
warming for the next century [Gregory et al., 2004] could
lead to a ‘‘worst case’’ estimates of the order of 0.1 Sv for
the North Atlantic freshening due to land-ice melting
[Parizek and Alley, 2004].
[4] Here we investigate the role of melting of the ice-

sheets and glaciers in coupled land-ocean-atmosphere-sea-
ice simulations where the CO2 concentration rises by 1%
per year. We consider two simulations for which the
coupled model differs only in the representation of land-
ice. The first one incorporates a crude parametrization of the
land-ice melting, whereas in the second one, land-ice
melting is not allowed. Similar investigation was presented
by Fichefet et al. [2003], with an interactive coupling
between the climate model and a comprehensive model of
the Greenland ice-sheets. Here we consider a more extreme
warming and melting scenario on a longer time scale.
Consequently our AMOC response is larger than in the
Fichefet et al. study. In addition we do not limit the analysis
to the quantification of the change in AMOC, but we also
consider how the AMOC interferes with the sea-ice albedo
feedback and global warming.

2. Model Description and Experiments

2.1. IPSL Coupled Model

[5] The model used in this study is the version 4 of the
‘‘Institut Pierre Simon Laplace’’ (IPSL-CM4) global atmo-
sphere-ocean-sea ice coupled model [Marti et al., 2005]. It
couples the atmosphere general circulation model LMDz
and the ocean general circulation model ORCA/OPA. A
sea-ice model, which computes ice thermodynamics and
dynamics, is included in the ocean model and coupled with
the atmosphere. The atmospheric model is coupled to the
ORCHIDEE land-surface scheme. The ocean and atmo-
sphere exchange surface temperature, sea-ice cover, mo-
mentum, heat and freshwater fluxes once a day, using the
OASIS coupler. River runoff and ice stream schemes close
the water budget between land and ocean. No flux correc-
tion is applied and the coupling scheme ensures both global
and local conservation of heat and freshwater fluxes at the
model interfaces.
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[6] The model is run with an horizontal resolution of 96
points in longitude and 71 points in latitude (3.7� � 2.5�)
for the atmosphere and 182 points in longitude and 149
points in latitude for the ocean, corresponding to a resolu-
tion of about 2�, with higher latitudinal resolution of 0.5� in
the equatorial ocean. There are 19 vertical levels in the
atmosphere and 31 levels in the ocean with the highest
resolution (10 m) in the upper 150 m.

2.2. Closure of the Freshwater Budget

[7] Each atmospheric grid-box could contain up to 4
different subsurfaces in order to represent properly surface
fluxes according to the different surface characteristics
(land, ocean, sea-ice, land-ice). Over land-ice, surface
temperature is computed considering radiative fluxes, latent
and sensible heat fluxes, diffusion with the underlying ice
surfaces, as well as snow and ice melting. Ice is allowed to
melt when there is no more snow on the grid-box. To close
the water budget at high latitude, the runoff corresponding
to the snow and ice melting is routed to the ocean. The
method employed mimics the effect of ice calving and
icebergs. The freshwater is therefore not directly distributed
along the ice sheet, but uniformly over a wider region. Earth
is divided into three latitude bands with limits at 90S/50S/
40N/90N. For the northern band, the calving is send to the
Atlantic and the Arctic, but not to the Pacific. The param-
etrization of the land-ice melting is valid as long as the
horizontal extent of the ice-sheet does not change with time.
This assumption is therefore only valid for short term
integration of global warming experiments. Our results
suggest that this assumption is violated at the end of the
experiments, suggesting that the parameterization needs to
be improved in future experiments.

2.3. Experiments

[8] We consider transient simulation where atmospheric
CO2 concentration starts at the preindustrial concentration
of 280 ppm, and increases by 1%/yr reaching 4�CO2

(1120 ppm) in 140 years. Two versions of the model are
considered. The first one takes into account the whole
parametrization for land-ice. The second one does not take
into account the melting of land-ice, but keeps all the other
terms, notably the land-snow melting. This is designed to
isolate the effect of the melting of glaciers when tempera-
ture increases. This melting is equal to zero in the control

simulation (CTL) with atmospheric CO2 of 280 ppm, so that
these two different parameterizations lead to the same CTL.
The first scenario with ice-sheet melting will be referred to
as WIS in the following. The second one with no melting is
called NIS. Difference in freshwater forcing between the
two experiments above 40�N increases nearly linearly (not
shown) from 0 up to 0.1 Sv after 70 years (2�CO2) and up
to 0.2 Sv at 4�CO2. These are quite large values and
represent a ‘‘worst case’’ melting scenario. The land-ice
melting in the other latitude bands is negligible.

3. Results

3.1. Response of the AMOC and Global
Temperature Change

[9] As expected the land-ice melting has a profound
impact on the simulated reduction of AMOC. Under mod-
ern conditions, AMOC simulated by IPSL-CM4 reaches
10.4 Sv (Figure 1). This is weaker than the 15 ± 2 Sv
observation-based estimates of North Atlantic Deep Water
production rates [Ganachaud and Wunsch, 2000]. It results
from an absence of convection in the Labrador Sea due to
an excessive freshening in this region (D. Swingedouw et
al., The impact of global freshwater forcing on the thermo-
haline circulation: Adjustment of North Atlantic Convection
Sites in a CGCM, submitted to Climate Dynamics, 2006).
However, the reduction of the AMOC under future scenar-
ios is large. In WIS, it decreases by 4.9 Sv (47%) at 4�CO2

compared to CTL (Figure 1). NIS exhibits a smaller
decrease with a reduction of only 2.2 Sv (21%) at
4�CO2, which is close to the 25% mean decrease in 2100
in Schmittner et al. [2005] multi-model analysis. Note that
the weakness of the AMOC in CTL could lead to a high
sensitivity of the AMOC response to the freshwater forcing
[Rahmstorf, 1996].
[10] The northward heat transport at 20�N in the Atlantic

follows this decrease, with a reduction of 0.33 PW (47%) in
WIS and of 0.15 PW (21%) in NIS compared to CTL.
Surface air temperature is also affected over the whole
northern hemisphere (Figure 2). Compared to NIS, WIS
shows a relative cooling, up to more than 5 K in the regions
around the Barents Sea. Two effects could be at the origin of
this cooler temperature simulated in WIS than in NIS: a
larger reduction of the ocean heat transport linked to the
AMOC weakening, or an ocean-sea-ice local response
caused by more freshening of the Arctic. We will discrim-

Figure 1. AMOC index for the different simulations. It is
defined as the maximum of the Atlantic meridional
overturning circulation between 500 m and 5000 m depth,
expressed in Sverdups (1 Sv = 106 m3.s�1). In solid line is
the CTL simulation, in dotted line, the WIS experiment, and
in dashed line, the NIS experiment.

Figure 2. Difference in 2 m atmospheric temperature
between WIS and NIS, averaged over years 121 to 140. The
contour interval is 1 K.
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inate which of these two processes is more effective in the
following.

3.2. Analysis of the Transient Response in the Arctic

[11] Differences in the freshwater forcing between NIS
and WIS appear in the Arctic from the beginning of the
transient simulations (Figure 3a). The larger freshening in
WIS could affect Sea Surface Temperature (SST) and sea-ice
cover in different ways. First, the corresponding lower
salinity diminishes the fusion point and favors the growth
of sea-ice. Here, the change in freezing point is less than 0.2K
and does not seem to significantly increase the ice-cover
during the first 70 years (Figure 3d). Also, the lower salinity
stratifies the surface ocean, which is reflected in the decrease
in mixed layer depth as a function of time (Figure 3b). This
change in mixed layer depth may reduce the heat capacity of
the surface layer, and could affect the SST. However, the
difference between the two transient simulations is less than
2 meters, and no significant changes in SST appear before
year 70 between the two transient simulations. Therefore, this
process is not likely to be at the origin of the divergence
between the simulated evolution of SST (Figure 3c). Last, the
geostrophic currents are not altered by the freshwater anom-
aly because this anomaly is distributed uniformly north of
40�N in the ocean and thus has no impact on the local steric
gradient [Ottera and Drange, 2004]. Consequently, local
processes due to the input of freshwater at high latitude do not
seem to be at the origin of the SST and sea-ice cover
divergence between the two transient scenarios.
[12] After year 70, statistically significant differences

appear in SST and ice-cover between WIS and NIS

(Figures 3c and 3d). They lag by about 10 years significant
change in the AMOC (Figure 1). This lag strongly suggests
that differences in the heat transport by the ocean, linked to
the AMOC, modifies the heat budget of the Arctic and is at
the origin of the differences in SST and sea-ice cover.
Indeed the decrease of the northward ocean heat transport
at 50�N in the North Atlantic is 50 TW stronger in WIS than
in NIS around year 60. This difference in heat transport is
also observed through the section between the Svalbard and
New-Zemble at year 70. This is consistent with the fact that
most of the reduced warming in WIS happens in the Barents
Sea, which is along the pathway of the upper North Atlantic
water entering the Arctic. In addition, there is a strong
spatial correlation of more than 0.9 between SST change,
sea-ice covering and change in atmospheric temperature in
this region (Figure 4). It indicates that the stronger heat
transport in NIS triggers the fast sea-ice albedo feedback.
The warmer SST favors the melting of sea-ice, which in turn
diminishes the sea-ice albedo, and leads to a local increase
in atmospheric temperature above the Barents Sea. The
warming then extends to all latitudes by the way of
atmospheric circulation, which explains the large warming
found over sea-ice and surrounding continents. In WIS, SST
are colder and sea-ice still expands in this region, thus
reducing the impact of global warming in northern high
latitudes (Figure 2).

3.3. AMOC Change and Transient Climate Sensitivity

[13] Section 3.2 shows that the difference in AMOC
between the two simulations triggers fast feedbacks at high
latitude. Here, we analyse how these feedbacks impact
global climate sensitivity at 4�CO2, defined as the differ-
ence in global surface temperature between the transient
simulations and CTL averaged between years 121 to 140.
WIS shows global surface temperature warming of 4.25 K
at 4�CO2 compared to CTL. This global warming is 10.4%
higher in NIS. To understand this difference we analyse the
differences in key feedbacks between the two simulations,
focusing on: 1) sea-ice/albedo feedback, 2) water vapor
feedback and 3) cloud feedback.
[14] For each simulation, changes in top-of-atmosphere

net clear-sky short-wave radiation relative to CTL are
mostly due to changes in ice and snow cover (not shown
[Meehl et al., 2003]). This allows us to estimate that the

Figure 3. Trend of (a) freshwater forcing in mm/day,
(b) mixed layer depth in meters, (c) Sea Surface Temperature
(SST) in �C, and (d) Ice-cover in %, averaged the Arctic
basin. The Nordic Seas are excluded. In solid line is the CTL
simulation, in dotted line, theWIS experiment, and in dashed
line, the NIS experiment.

Figure 4. Difference in sea-ice cover (in %) between WIS
and NIS averaged between years 121 to 140. The contour
interval is 0.1%.
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melting of ice and snow represents an increased heat gain
for the climate system of 3.09 W/m2 at the top of the
atmosphere in WIS, and of 3.56 W/m2 in NIS at the time of
4�CO2. Thus, the sea-ice albedo feedback is 15.2% more
efficient in NIS, explaining part of the temperature differ-
ence at 4�CO2 between the two transient simulations. The
water vapor also played a role. This feedback is measured as
by Ramanathan and Collins [1991] by the difference
between change in top-of-atmosphere net clear-sky long-
wave radiation and the surface change in radiative emission
due to surface warming. It provides an indication of the
change in the greenhouse effect of the cloud free atmo-
sphere. It goes from 12.74 W/m2 in WIS to 14.36 W/m2 in
NIS. It is thus 12.4% higher in NIS. The cloud feedback
also exhibits significant change between NIS and WIS: the
difference in total cloud radiative forcing with CTL (the
sum of cloud shortwave and cloud long-wave radiative
forcing) is of 2.05 W/m2 in WIS and of 2.32 W/m2 in
NIS, corresponding to an additional 12.8% increase for the
latter simulation. The cloud feedback increase results from a
reduction of low cloud cover in the northern hemisphere in
NIS (not shown) as earlier discussed by Winton [2003].

4. Conclusions

[15] In this study, we have quantified the impact of land-
ice melting in future climate scenario simulations, with the
IPSL coupled model. Two versions of this model have been
considered, one without the land-ice melting, like in all
models participating in the last and current IPCC [Cubasch
et al., 2001], and the other with a simple parametrization of
this melting. Difference in the simulated temperature, as
CO2 increases, becomes very large between the two scenar-
ios performed with the two versions of the model. When
land-ice is allowed to melt, the global surface temperature is
0.44 K (10%) lower at 4�CO2, which represents a notice-
able uncertainty on climate sensitivity. This is attributed to a
28% larger reduction of the AMOC in this simulation. A
smaller ocean heat transport to the Arctic appears, which in
turn maintains the sea-ice cover and thus the albedo. This
effect is also reinforced by the water vapor and cloud
positive feedbacks. It is important to note that it takes
70 years before the cumulative effect of the additional
freshwater is sufficient to modify the AMOC changes,
leading to a larger melting of sea-ice in NIS. When this
happens, fast ice albedo, water vapor and cloud feedbacks
enter into play and contribute to amplifying the difference
between NIS and WIS. The northern hemisphere is mostly
affected with a 0.85 K warming, while the southern hemi-
sphere shows a small cooling of 0.07 K. An important
warming of greater than 5 K appears around the Barents
Sea, where sea-ice cover is strongly affected. These regions
are the starting point of the extension of the larger warming
in the Northern hemisphere.
[16] The impact of land-ice melting is thus primordial and

must be taken into account in the next generation of coupled

models. In the IPSL-CM4 model, the parametrization of this
process is very crude. The anomaly in freshwater due to
land-ice melting is more than 0.1 Sv after 100 years, and
accounts for a melting of 20% of the Greenland land-ice at
the end of the 140 years of integration. All in all, the results
of this analysis stress the fact that the closure of the water
cycle needs to be carefully accounted for to improve our
understanding of the role of the ocean in the future climate.
The land-ice melting is part of the processes that must be
considered. Further study with a multi model ensemble may
be necessary to better constrain the uncertainty about this
process. Our results also confirm the importance of the
AMOC on the northern hemisphere climate, mostly through
sea-ice interaction.
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