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Abstract

During the Last Interglacial (LIG; ∼130 thousand years BP), part of the Greenland
Ice Sheet (GIS) melted under the influence of a warmer than present-day climate.
However, the impact of this melting on the LIG climate in the North Atlantic region is
unknown. Using the LOVECLIM earth system model of intermediate complexity we5

have systematically tested the sensitivity of the LIG climate to increased freshwater
runoff from the GIS. Moreover, additional experiments have been performed to inves-
tigate the impact of an idealized reduction of both altitude and extent of the GIS on
the LIG climate. By comparing the simulated deep ocean circulation with proxy-based
reconstructions, the most realistic simulated climate could be discerned. The resulting10

climate is characterized by a shutdown of deep convection in the Labrador Sea and
a subsequent cooling here by ∼6 ◦C and ∼2 ◦C over the southern part of Baffin Island
and the North Atlantic Ocean between 40◦ N and 60◦ N. The reduction of altitude and
extent of the GIS results in a local warming of up to 6 ◦C and a reduction in deep con-
vection and accompanying cooling in the Nordic Seas. Combining model results and15

proxy-based reconstructions enabled us to constrain the possible melt rate of the GIS
to a flux between 0.052 Sv and 0.13 Sv. A further comparison of simulated summer
temperatures with both continental and oceanic proxy-records reveals that the partial
melting of the GIS during the LIG could have delayed maximum summer temperatures
in the western part of the North Atlantic region relative to the insolation maximum.20

1 Introduction

Measurements and modelling studies predict that the Greenland Ice Sheet (GIS) is
likely to partially melt in the future (Rignot et al., 2011; Driesschaert et al., 2007) un-
der the influence of a warmer climate (Solomon et al., 2007). The implications of
enhanced GIS melting are a central theme in the current climate change debate, not25

only because of potential sea-level rise, but also because of the possible impact on
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the ocean circulation. However, the relationship between enhanced GIS melting and
the ocean circulation is not well understood (Swingedouw and Braconnot, 2007). It is
therefore crucial to study the impact of GIS melting on the warmer than present-day
Last Interglacial (LIG, 130 to 116 ka BP) climate (CAPE-members, 2006) during which
the GIS was as well significantly reduced in size (Alley et al., 2010).5

Since a negative GIS mass balance is accompanied by a relatively larger freshwater
flow into the surrounding oceans, this would lower the density of the surface ocean
waters and could therefore influence the Atlantic Meridional Overturning Circulation
(AMOC). As the AMOC transports warm and saline waters from the equator north-
wards along its wind and density-driven upper limb (Broecker et al., 1990; Schmitz,10

1995), changes in its heat transport may greatly impact temperatures in regions like
northwestern Europe (Kuhlbrodt et al., 2007). In the subpolar North Atlantic Ocean
these surface waters are sufficiently cooled until they overcome the vertical density
gradient in the water column. At that point deep convection occurs forming North At-
lantic Deep Water (NADW), a high density water mass flowing southward at depth15

(Schmitz, 1995; Weaver et al., 1999). Nowadays, NADW is formed in two regions, the
Labrador Sea and the Nordic Seas, where respectively Labrador Sea Water (LSW)
and Nordic Seas Deep Water (NSDW) are formed. Deep convection leading to NADW
production further occurs in the Irminger Sea but its importance for the AMOC is not
yet fully established (Bacon et al., 2003).20

Experiments with different climate models of low to intermediate complexity indicate
that the AMOC is a highly non-linear system with multiple equilibrium states, and typical
hysteresis behaviour in response to changes in the freshwater budget of the Atlantic
region (Rahmstorf, 1995; Rahmstorf et al., 2005). Although hysteresis is a common
feature in these types of models, their sensitivity to a change in the freshwater budget25

differs greatly, as does the proximity of the present-day climate to the bifurcation point
(Stommel, 1961; Rahmstorf et al., 2005). In some models it takes less than 0.1 Sv
of freshwater to substantially weaken the AMOC, while in others more than 0.5 Sv is
needed (Rahmstorf et al., 2005). The non-linear relationship between changes in the
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freshwater budget of the North Atlantic and the overturning circulation has also been
suggested by geological data. An example is the Holocene 8.2 ka BP cooling event,
in which the AMOC was weakened by a catastrophic release of meltwater from glacial
lakes Agassiz and Ojibway (Barber et al., 1999; Renssen et al., 2001). However, while
modelling studies have shown that the relationship between changes in the freshwater5

budget and the AMOC strongly depends on the exact region which is perturbed (Smith
and Gregory, 2009; Roche et al., 2010), the impact of changes in the mass balance of
the GIS, possibly a critical region in the near future, is still largely unknown.

The future evolution of the GIS under the influence of different greenhouse gas sce-
narios and the resulting impact on the freshwater runoff and ocean circulation has10

been simulated by Driesschaert et al. (2007) and Ridley et al. (2005) using coupled
climate-ice-sheet models. Both show that the GIS is likely to lose mass but a notice-
able weakening of the AMOC is only found for a very strong increase of greenhouse-
gas concentrations (i.e. the upper range of IPCC climate change scenarios; Solomon
et al., 2007). Modelling the evolution of the GIS during the LIG using a similar ap-15

proach, Otto-Bliesner et al. (2006) also found a slightly reduced AMOC when the North
Atlantic is forced by enhanced melting of the GIS. A shutdown of the overturning cir-
culation under the influence of GIS melting has thus far not been found in modelling
studies, indicating that this is not a likely scenario, neither for the near future nor the
LIG. However, it has been suggested that in climate models the sensitivity of the AMOC20

to changes in the freshwater budget is systematically too low (Hofmann and Rahmstorf,
2009).

Because the relationship between GIS melting and the AMOC is highly model de-
pendent, it is important to constrain modelling results with proxy-based reconstructions.
For example, reconstructions of the deep ocean circulation and reconstructions of the25

magnitude and duration of enhanced GIS melting can be used to constrain modelling
results for the LIG period. Reconstructions of ocean circulation show that deep con-
vection in the Nordic Seas was probably comparable to the present-day interglacial
situation, but the timing of maximum strength is under debate (Cortijo et al., 1994,
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1999; Rasmussen et al., 2003; Bauch and Erlenkeuser, 2008; Nieuwenhove et al.,
2008, 2011). On the other hand, reconstructions of LSW formation show that it was
either present (Rasmussen et al., 2003), weakened and/or shoaled during part of the
LIG (Hodell et al., 2009; Evans et al., 2007), or that it was even absent during the
entire interglacial (Hillaire-Marcel et al., 2001). With respect to the magnitude and du-5

ration of enhanced GIS melting during the LIG, most is inferred from reconstructed and
dated sea-level curves. Reconstructions based on the dated coral reefs in Australia,
Bermuda, the Bahamas and the Florida Keys, suggest a LIG sea-level high stand at
least 6 m above the present-day level (Alley et al., 2010, and references therein). How-
ever, there is no direct way to infer the specific contribution of the GIS to the total10

sea-level rise from these reconstructions. Therefore, a wide range of estimates for the
GIS contribution exists, ranging from as little as 1–2 m to up to 5–6 m (Table 1; Cuf-
fey and Marshall, 2000; Tarasov and Peltier, 2003; Lhomme et al., 2005; Otto-Bliesner
et al., 2006; Carlson et al., 2008; Colville et al., 2011). The impact of GIS melting on
the climate not only depends on the total volume loss of the ice sheet but also on the15

duration of the period over which this melting took place. However, dating of coral reef
samples is still problematic for the LIG (Rohling et al., 2008), with the period of sea-level
high stand estimated to have started between 136 and 127 ka BP and ended between
122 and 115 ka BP (Chen et al., 1991; Stirling et al., 1995, 1998; Vezina et al., 1999;
Israelson and Wohlfarth, 1999; McCulloch and Esat, 2000; Muhs et al., 2002; Rohling20

et al., 2008). Therefore, constraining the possible melt rate of the GIS during the LIG
results in a wide range of values, with a maximum flux of 0.013 Sv when an ice-volume
equivalent to 5.5 m sea-level change, melted in 5 ka. However, the maximum LIG rate
of sea-level change of 2.5 m century−1 found by Rohling et al. (2008) (~0.29 Sv), in-
cluding an important contribution from the reduction of the GIS, suggests that the flux25

of freshwater into the surface ocean waters around Greenland may have been much
larger than 0.013 Sv for at least a short period of time. Since model experiments have
shown a strong non-linear relationship between the magnitude and impact of freshwa-
ter perturbations (Renssen et al., 2001; Rahmstorf et al., 2005; Wiersma and Renssen,
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2006), these back of the envelope calculations of possible melt rates stress the urgency
to cover a large range of scenarios.

Because of the difficulties listed above – model dependent climate sensitivity, un-
certainty in reconstructions of both past ocean circulation and the evolution of the GIS
meltwater flux – the impact of GIS melting on AMOC and climate must be assessed5

systematically. Therefore, we performed a suite of 24 climate simulations in which an
early LIG climate state is perturbed by different GIS melt rates – ranging from 0.0065 Sv
to up to 0.299 Sv (1 Sv=106 m3 s−1) – with the LOVECLIM three-dimensional earth
system model. To further investigate the climatic impact of a lower elevation and de-
creased extent of the GIS as a consequence of its partial melting, we carried out ad-10

ditional sensitivity experiments. We will focus on both the impact of GIS melting on
the deep ocean circulation and on the impact on the surface climate in the North At-
lantic region. Model results are then summarized by defining key regions in which the
simulated July surface air temperature anomaly is sufficiently large to potentially be de-
tected in geological records. In a second step, a range of most plausible melt rates of15

the GIS during the LIG is selected by comparing the simulated deep ocean circulation
with proxy-based reconstructions. Finally, with this constraint on the GIS melt rate, we
attempt a first comparison of the surface temperatures in simulations and proxy-data
to quantify the climate impact of GIS decay during the early-LIG.

2 Model and experimental setup20

We have used the Earth system model of intermediate complexity (EMIC) LOVECLIM
(version 1.2; Goosse et al., 2010) which includes a representation of the atmosphere,
the ocean and sea-ice, the land-surface and its vegetation. The atmospheric compo-
nent is ECBilt (Opsteegh et al., 1998), a spectral T21, three-level quasi-geostrophic
model. The sea-ice-ocean component is CLIO3 (Goosse and Fichefet, 1999), consist-25

ing of a free-surface primitive equation model with a horizontal resolution of 3◦ longitude
by 3◦ latitude and 20 vertical levels. The vegetation module is VECODE (Brovkin et al.,
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2002) in which dynamical vegetation changes are simulated in response to climatic
conditions. In this study no interactive ice-sheet model was used. We could therefore
fully control the altitude, extent and the meltwater coming from the GIS and thus sep-
arately study the climatic impact of the different processes accompanying a melting
GIS.5

The climate sensitivity of LOVECLIM1.2 to a doubling of the atmospheric CO2 con-
centration is at the lower end of the range found in global climate models (1.9◦C af-
ter 1000 yr; Goosse et al., 2010). The simulated deep ocean circulation in LOVE-
CLIM1.2 compares reasonably well with other model results with a maximum overturn-
ing streamfunction in the North Atlantic of 22 Sv and an export towards the Southern10

Ocean of 13 Sv and as observed over the last decades, deep convection takes place
in both the Nordic Seas and the Labrador Sea (Goosse et al., 2010). The present-day
deep ocean circulation in LOVECLIM1.2 is somewhat more sensitive to perturbations
of the freshwater budget (Goosse et al., 2010) than an earlier version of the model
(namely ECBilt-ClIO), a version for which the sensitivity was found to be very sim-15

ilar to coupled atmosphere-ocean general circulation models (AOGCMs; Rahmstorf
et al., 2005). Model-data comparison for different climatic settings like the 8.2 ka BP
event (Wiersma and Renssen, 2006) and the last deglaciation (Renssen et al., 2009),
showed that the sensitivity of the AMOC to a perturbation of the freshwater budget is
reasonable in LOVECLIM1.2.20

Between 130 and 127 ka BP, the different orbital forcing caused a large positive
northern hemisphere insolation anomaly, compared to present-day, in late spring and
early summer. The maximum top of the atmosphere insolation anomalies during the
LIG exceeded 60 Wm−2 at high northern latitudes in the months May to June while
the global annual mean forcing anomaly was as little as 2 Wm−2 (Berger, 1978). As25

the GIS has shown to be particularly sensitive to insolation changes in late spring and
early summer (Krabill et al., 2004; Otto-Bliesner et al., 2006), it is likely that the early
LIG insolation maximum resulted in maximum ablation of the GIS (Otto-Bliesner et al.,
2006). This was also found in deep sea geochemical-proxies which indicate large and
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steady runoff between 132 and 120 ka BP (Carlson et al., 2008) and a minimal GIS
configuration as early as 127 ka BP (Lhomme et al., 2005). We therefore force the LIG
climate simulations with orbital and greenhouse-gas concentrations as reconstructed
for 130 ka BP (Table 2), in line with the PMIP3 protocol (http://pmip3.lsce.ipsl.fr/).

Both our control LIG climate simulation and the pre-industrial (PI; orbital and5

greenhouse-gas forcing for 1750 AD) were spun up for 3000 yr to ensure quasi-
equilibrium conditions in all components of the model, including the deep ocean. The
land-sea mask, the GIS topography and albedo were fixed at PI configuration. The fixed
land-sea mask will not likely impact the results as the difference in sea level between
the two periods is only a couple of meters. From the quasi-equilibrium LIG spin-up10

simulation, two sets of experiments were performed to investigate the different effects
of the partial melting of the GIS: increased runoff, and reduced elevation and extent of
the ice sheet. All model simulations have a duration of 500 yr during which the forcings
were kept constant. Averages are calculated over the last 100 yr of the simulations.

In the first series of experiments, here called freshwater-forcing (FWF), the 130 ka BP15

climate was perturbed with a constant runoff flux from the GIS in addition to the runoff
already calculated by the model (i.e. the sum of all excess precipitation and snow melt;
Opsteegh et al., 1998). The total runoff is evenly distributed over 10 adjacent oceanic
grid-cells corresponding to the river outlets of the Greenland landmass (Fig. 1). The
FWF-scenarios are based on multiples of the best estimate (0.013 Sv) of Otto-Bliesner20

et al. (2006) to cover the full range of possible fluxes (Table 1); from 0.5 times up
to 23 times 0.013 Sv (0.006.5–0.299 Sv). As all FWF experiments have a duration of
500 yr, the total volume of additional meltwater input to the ocean differs between the
simulations, from only ∼2 % to up to ∼115 % of the total PI volume of the GIS.

To investigate the influence of a lowered topography of the GIS and changes in25

the extent of the ice sheet, additional experiments have been performed. For three
of the FWF experiments, namely 0.013 Sv, 0.052 Sv and 0.143 Sv, the topography of
the GIS was lowered in a rudimentary way corresponding to a 30 % decrease of the ice
volume. All grid cells of the PI ice sheet, where equally lowered until either bedrock was

2770

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/7/2763/2011/cpd-7-2763-2011-print.pdf
http://www.clim-past-discuss.net/7/2763/2011/cpd-7-2763-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://pmip3.lsce.ipsl.fr/


CPD
7, 2763–2801, 2011

LIG climate and
Greenland Ice Sheet

melting

P. Bakker et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

reached for a particular grid cell or a total volume reduction of 30 % was obtained. The
altitude of the bedrock underneath the present-day GIS is deduced from topographic
maps provided by the NOAA-database. On the southern tip of Greenland, as well
as areas in the northwest and northeast, no ice remained after reducing the volume
of the ice sheet. At these ice-free sites a vegetation cover was allowed to develop5

which results in a strong decrease of the surface albedo. This approach resulted in
a configuration of the GIS in broad agreement with reconstructions with a single ice
dome over central and northern Greenland, further featuring a lowering of the top of
the ice sheet by ∼700 m and ice-free conditions over the southern, northwestern and
northeastern part of Greenland (Fig. 1). However the reconstructed lowering of the top10

of the ice sheet is somewhat smaller, between 300 m to 500 m (Otto-Bliesner et al.,
2006; Masson-Delmotte et al., 2011). Also, there is still an on-going debate whether
or not a southern dome of the GIS remained and finally it has been suggested that the
ice sheet was probably steeper as melting concentrated on the fringes (Koerner, 1989;
Letréguilly et al., 1991; Cuffey and Marshall, 2000; Lhomme et al., 2005; Otto-Bliesner15

et al., 2006; Colville et al., 2011). Despite the imperfections in our reconstruction of
the LIG GIS, we deem it adequate as more details cannot be provided because of
the low resolution of the model. Nonetheless, the simplicity of this approach limits the
evaluation of the atmospheric response to changes of the elevation of the GIS.

3 Results and implications20

The large number of performed simulations forced with different GIS melt rates pro-
vides us with an extensive range of possible climate states: from the warmer than
present-day unperturbed 130 ka climate state, with a strong overturning circulation,
into a situation in which large scale overturning in the North Atlantic is shut down,
leading to strong cooling.25
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3.1 Overturning circulation

The simulated relationship between the FWF and the AMOC strength changes with
the size of the FWF (Fig. 2). We take here the maximum strength of the overturn-
ing streamfunction in the North Atlantic as a measure for the AMOC strength. The
changes in the AMOC strength are strongly related to the combined evolution of deep5

convection and the sea-ice cover in the two major regions of deep convection in the
North Atlantic, the Labrador Sea and the Nordic Seas. The relationship between the
AMOC and the FWF is characterized by two shifts, the first between a FWF of 0.039 Sv
and 0.052 Sv and the second between 0.13 Sv and 0.143 Sv. In our LIG-ctrl simula-
tion, deep convection takes place in both the Labrador Sea and the Nordic Seas and10

the simulated AMOC strength of ∼22 Sv is very similar to the PI strength of ∼23 Sv.
For FWFs between 0.0065 Sv and 0.039 Sv, the strength of the AMOC is reduced by
up to 24 % compared to the LIG-ctrl value. In the same range of FWF values, the
overturning strength in the Nordic Seas (Fig. 2) does not significantly decrease. For a
FWF of 0.52 Sv, the strength of the AMOC is suddenly reduced to a value of ∼14Sv,15

39 % weaker compared to the LIG-ctrl simulation. The AMOC strength is only slightly
reduced for larger FWFs up to 0.117 Sv. Along with the sudden reduction in AMOC
strength between a FWF of 0.039 Sv and 0.052 Sv, the maximum sea-ice cover in the
Labrador Sea jumps from a cover of around 28 % up to a cover just under 60 % (note
that the absolute value of the sea-ice cover strongly depends on the exact definition of20

the region under consideration). For the same forcings, no significant changes are sim-
ulated in both the overturning strength and the maximum sea-ice cover in the Nordic
Seas. For FWFs of 0.143 Sv and larger, both the strength of the AMOC as well as the
overturning strength and the maximum sea-ice cover in the Nordic Seas depict a clear
negative trend towards an AMOC strength of less than 5 Sv and a maximum sea-ice25

cover of around 100 %. The sea-ice cover in the Labrador Sea does not significantly
change for such large FWFs, compared to a FWF of 0.052 Sv.
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Because of non-linear processes and feedbacks between the ocean circulation and
the sea-ice cover, our simulations result in 3 different climate “regimes” (Fig. 3), differing
mainly in the location of the main site(s) of active deep convection. For a FWF between
0 Sv and 0.039 Sv, the reduction in the AMOC strength is mainly due to a reduction in
small-scale deep convection in the Irminger Sea (not shown) combined with a first5

decrease of deep convection in the Labrador Sea in the higher end of this range of
FWFs. Overall however, deep convection in this regime, to which we refer as regime
1, takes place in both the Labrador Sea and the Nordic Seas. In both regions the
maximum sea-ice cover is still limited. The evolution of deep convection in the Irminger-
and Labrador Sea in regime 1, are decoupled from the evolution of deep convection10

in the Nordic Seas with even a small, though insignificant, increase in the latter. Such
an anticorrelation between the major convection sites for moderate freshwater addition
was also found by Stouffer et al. (2006). In the second regime, for FWFs between
0.052 Sv and 0.13 Sv, the additional runoff from the GIS has sufficiently decreased the
density of the surface waters in the Labrador Sea which, in combination with enhanced15

sea-ice formation, shuts down deep convection in that region. In regime 2, large-scale
deep convection only takes place in the Nordic Seas. The changes from regime 2
into regime 3 are more gradual but still apparent. For a FWF larger than 0.13 Sv,
we simulate a third regime in which the overturning strength in the Nordic Seas is
significantly weakened and the maximum sea-ice cover in the region starts to increase20

more rapidly. A shutdown of deep convection and a full sea-ice cover in the Nordic
Seas is reached for FWFs over ∼0.2 Sv. In both regime 2 and 3, the evolution of the
overturning strength in the Nordic Seas is again coupled to the evolution of the AMOC
strength.

In the remainder of this manuscript, the three regimes will be characterized by the25

scenarios with a FWF of 0.013 Sv, 0.052 Sv and 0.143 Sv. Despite differences between
the simulated climates within one regime, this approach gives a clear picture of the
large-scale climatic changes in the North Atlantic region as simulated for increasingly
large melt rates of the GIS.
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3.2 Characteristics of the surface climate in the three different regimes

In the different LIG climate simulations presented here, the surface climate in the
North Atlantic region differs from the PI as a result of both changes in the orbital-
and greenhouse-gas forcing as well as changes in the melt rate of the GIS. The char-
acteristics of the surface climate are presented by describing both July and January5

surface air temperature anomalies and yearly averaged sea surface salinity anomalies.
In the LIG-ctrl simulation, the impact of changes in only the orbital and greenhouse

gas forcings are visible (Fig. 4). Because of the positive early-LIG northern hemisphere
summer insolation anomaly compared to present-day, the LIG-ctrl simulations show a
1◦C to 3 ◦C rise in July surface air temperatures over most of the region in comparison10

with PI, with amplification of the anomalies to over 5 ◦C over continental areas (Fig. 4).
In contrast, as the northern hemisphere winter insolation anomaly is only small, LIG
January surface air temperatures are fairly similar to the PI over most of the North At-
lantic region. There are however some exceptions, as over the far east of the European
continent we simulate a more continental regime which results in a 1 ◦C to 3 ◦C lower-15

ing of LIG January surface air temperatures compared to PI. The other exceptions are
the high-latitude areas, especially the far north of the Labrador Sea and north of Sval-
bard, where a reduction in summer sea-ice extent (not shown) strongly affects January
surface air temperatures resulting in a warming of 1 to over 5 ◦C compared to the PI.
Otto-Bliesner et al. (2006) simulated similar 130 ka BP surface temperatures, providing20

confidence in our LIG climate simulations without additional GIS melting. The surface
salinity in our LIG-ctrl simulation (Fig. 4) differs from the PI only over the Arctic Ocean
and along the southern shores of Greenland where a decrease of up to 2 psu (practical
salinity units) results from changes in the sea-ice cover and the hydrological cycle (not
shown).25

Forcing climate with an increased melt rate of the GIS on top of LIG orbital and
greenhouse gas forcings, results in very different patterns of surface temperature and
sea surface salinity anomalies within the North Atlantic region. Note that, because our
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aim is to describe the impact of the melting GIS on the LIG climate, all the following
anomalies are changes compared to the LIG-ctrl simulation. Between the three differ-
ent climate regimes, the region of largest GIS melt forced climate change shifts from
the Irminger Sea, to the Labrador Sea and finally to the Nordic Seas. In regime 1 a July
cooling of around 2 ◦C is simulated over the Irminger Sea in comparison to the LIG-ctrl5

climate. In regime 2 we find negative July surface temperature anomalies (compared
to the LIG-ctrl climate) of over 6 ◦C in the Labrador Sea, 2 ◦C over the southern part of
Baffin Island, and furthermore a cooling of most of the North Atlantic surface waters
between 40◦ N and 60◦ N. It is only in regime 3 that a clear, 2 ◦C cooling (compared to
the LIG-ctrl simulation) is seen in the Nordic Seas as well as over Scandinavia and the10

Iberian Peninsula. However, even under such a large FWF only minor changes in July
surface air temperatures are simulated over large parts of Greenland and central and
Eastern Europe (compared to the LIG-ctrl simulation).

Simulated January surface temperature anomalies in the North Atlantic region show
a similar pattern as July temperature anomalies with some notable exceptions. In15

regime 1 we simulate a small FWF-induced January temperature increase over parts
of the Arctic Ocean. It results from the increase of deep convection in the Nordic
Seas discussed earlier and related changes in the ocean-atmosphere heat flux and
sea-ice cover. This increase of January surface air temperatures in the Nordic Seas
is no longer simulated in regime 2. A difference between July and January surface20

temperature anomalies in regime 2 is the January cooling over central Greenland. In
regime 3 the resulting anomaly pattern in January is similar to July surface temperature
anomalies although the cooling over Scandinavia is less pronounced.

The applied FWFs result in distinct negative sea surface salinity anomalies com-
pared to the LIG-ctrl simulation. They illustrate again that the region of largest FWF im-25

pact changes between the three regimes: From the Irminger Sea in regime 1 (−2 psu),
to the Labrador Sea in regime 2 (−4 psu) and finally in regime 3 to the eastern side
of the North Atlantic Ocean, including the Nordic Seas (−1 psu). Furthermore the
patterns of sea surface salinity anomalies show that when freshwater is added to the
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surface ocean water around Greenland, it is first advected by the surface currents into
the Labrador Sea and then via the southern part of the subpolar gyre to the eastern
side of the basin.

3.3 Influence of changes in topography and albedo

We have incorporated changes in the extent and elevation of the GIS to study both5

their direct effect on the LIG climate of the North Atlantic region as well as the impact
on the FWF induced changes. Over the ice sheet itself the lower elevation results in a
rise of July surface air temperatures of around 2 ◦C compared to the LIG-ctrl simulation
(not corrected for the direct impact of elevation changes) while temperatures over the
deglaciated areas rise up to 6 ◦C because of the lower surface albedo (Fig. 5). These10

results are similar to findings of Driesschaert et al. (2007) who simulated future GIS
melting. The warming over Greenland also partly counteracts the FWF-induced cooling
in the Irminger Sea and Labrador Sea.

Lowering the elevation of the GIS also affects the Nordic Seas because of changes
in the large-scale atmospheric circulation. Since the GIS is a major obstacle for the15

circumpolar northern hemisphere Rossby wave – substantially contributing to the pat-
tern of high and low pressure systems over the North Atlantic (Hoskins and Karoly,
1981) – a lower elevation of the GIS induces a distinct pattern of surface pressure
anomalies. Similar to what Ridley et al. (2005) found in simulations for a future cli-
mate with a completely melted GIS, both the high pressure system located over the20

southeast of Greenland and the low pressure system over the Norwegian and Bar-
ents Seas are weakened (not shown). As further found by Goosse et al. (2002) in a
previous version of LOVECLIM, the weakening of the low pressure system over the
Norwegian and Barents Seas has a negative impact on the convection strength and
therefore on temperatures in the Norwegian and the Barents Seas (cooling of 2 ◦C to25

4 ◦C). As explained by Goosse et al. (2002), the mechanism behind it involves a cou-
pling between the atmosphere, sea-ice and the ocean. Furthermore, our simulations
show that the lowering of the elevation of the GIS not only directly reduces the strength
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of the overturning in the Nordic Seas, it also enhances the sensitivity of the Nordic
Seas overturning strength to the FWF (Fig. 2). Our simulations suggest that the overall
AMOC strength modulates the decadal variability of the northern hemisphere sea-ice
volume described by Goosse et al. (2002). Therefore, as the result of a weakening
AMOC, the climate resides more and more in one state of the decadal variability –5

lower atmospheric temperatures in the Arctic, increased sea-ice volume, and reduced
overturning in the Nordic Seas – (results not shown here). In regime 3, the combina-
tion of the direct impact of the lowering of the topography of the GIS on the overturning
in the Nordic Seas and the positive feedback to the FWF, results in a further 14 %
decrease of the AMOC strength in addition to the FWF induced changes (Fig. 2).10

Incorporating changes in the elevation and extent of the GIS in the simulations pro-
vides a first insight into its impact on Greenland temperatures, the impact on the climate
in the Nordic Seas and the relationship between the decadal variability of the northern
hemisphere sea-ice volume and the FWF. However, in particular the latter relationship
requires a more thorough investigation which is beyond the scope of this study.15

3.4 The significant impact on July surface air temperatures of GIS melting

If a climate signal at a certain location is to be preserved in the geological archive,
the magnitude of the signal has to be significantly larger than the internal variability on
timescales of decades and larger (depending on the resolution of the climate archive).
It is only for these locations that conclusions can be drawn during the upcoming model-20

data comparison. We therefore investigate for which locations the simulated impact on
July surface air temperatures is significant compared to the unforced, multi-decadal
climate variability in the LIG-ctrl simulation (Fig. 6). The investigated forcings are the
FWF (for the three different regimes), the changes in extent and elevation of the GIS,
and the three forcings combined.25

The analysis shows that the impact of the FWF in regime 1 is small and no area
is significantly influenced. However, the changes in the topography and albedo do
significantly alter July surface air temperatures, mainly over the GIS itself, parts of
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the Labrador Sea, and the ocean roughly between northern Greenland and Svalbard
(orange in Fig. 6). In regime 2 a significantly large impact of the FWF is simulated,
mainly over the Labrador Sea, parts of the North Atlantic Ocean (between 35◦ N and
55◦ N), the ocean between northern Greenland and Svalbard, large parts of the Nordic
Seas, parts of the UK and the Iberian Peninsula (red and yellow in Fig. 6). The impact5

of the lowering of the elevation and the reduced extent of the GIS is simulation over
the same region (red in Fig. 6) although now the GIS is also affected (orange in Fig. 6)
while the impact is no longer significant over the ocean between northern Greenland
and Svalbard (yellow in Fig. 6). The latter implies that the temperature changes over
that area resulting from both the FWF in regime 2 and from the changes in elevation10

and extent of the GIS, cancel each other out. Interestingly, over the Irminger Sea
the unforced, multi-decadal climate variability is still larger than the substantial FWF-
forced temperature anomaly in that region. In regime 3 a significant impact of the FWF
is simulated for almost the entire North Atlantic region, except for the northern part of
Greenland and over Eastern Europe, where the impact is only significant if the changes15

in the topography and extent of the GIS are included.
Describing the regions where the climatic impact of a melting GIS is likely to be

detected in this way, does not account for uncertainties in the temperature reconstruc-
tions nor simulated temperature biases. It can therefore not be concluded that the
changes should show up in reconstructions, since the temperature change might still20

be too small despite being statistically significant in our simulations. However, in re-
gions where no significant GIS melting impact is simulated, it appears unlikely to be
registered in proxy-based temperature reconstructions.

Combining the results on the impact and the significance of the changes in July
surface air temperatures, we obtain distinct geographic patterns showing the influence25

of different melt rates of the GIS on the LIG climate in the North Atlantic region. In
regime 1 there are no regions where July surface air temperatures are significantly
altered. A ∼6 ◦C cooling compared to the LIG-ctrl simulation is however simulated over
the Labrador Sea in regime 2 (see also Fig. 7) together with a cooling of around ∼2 ◦C
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over the southeast of Baffin Island and the North Atlantic Ocean between 35◦ N and
55◦ N. On top of these changes, regime 3 is characterized by a ∼2 ◦C cooling in the
Nordic Seas and over Scandinavia.

If the impact of lowered topography and decreased extent of the GIS are included,
the results show different geographic patterns of temperature anomalies for specific re-5

gions compared to simulations only forced with enhanced GIS melting. Including these
forcings, a significant July surface air temperature increases of around 2 ◦C is simulated
in all three regimes over the central GIS and a 6 ◦C increase over the deglaciated ar-
eas. With respect to the LIG-ctrl simulation, we simulate a 2 ◦C to 4 ◦C warming of parts
of the northern Labrador Sea in regime 1, which is however no longer present under10

the influence of larger FWFs. Thus, if topography and albedo changes are included,
we simulate different temperature anomalies over the GIS and the adjacent coastal wa-
ters. However the main geographic patterns of temperature anomalies forced by GIS
melting remain unaltered.

3.5 Constraints on LIG melt rate of the GIS15

In order to constrain the range of possible melt rates of the GIS during the LIG, we will
compare the simulated deep ocean circulation in the three regimes with proxy-based
reconstructions.

Based on reconstructions of the vertical stratification of the water column in the
Labrador Sea, Hillaire-Marcel et al. (2001) concluded that no LSW was formed during20

the LIG. Rasmussen et al. (2003) however contradicted this view. Using benthic δ13C
reconstructions, they concluded that during Termination 2 and the early LIG, a weakly
ventilated, LSW-like water mass should have been present at intermediate depth in the
Labrador Sea region. However, it was possibly formed outside of the Labrador Sea and
flowed in from the east. For the later part of the LIG, they reconstructed Labrador Sea25

surface and bottom water conditions comparable to modern day conditions. Different
reconstructions of LSW formation during the LIG also result from studies on sediment
cores recovered just outside of the Labrador Sea. They show that LSW formation was
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either weaker and occurring at shallower depth, or that it was absent altogether (Evans
et al., 2007; Hodell et al., 2009). Although the characteristics of the ocean circula-
tion in the Labrador Sea during the LIG remain unresolved, these proxy-based studies
suggest that LSW formation was weak or absent during the early LIG, ruling out the
oceanographic situation found in regime 1.5

LIG deep ocean circulation in the Nordic Seas is also under debate. There are op-
posing views on the timing of the maximum overturning strength, either coinciding with
the insolation optimum (Cortijo et al., 1994, 1999) or occurring during a later part of
the interglacial (Rasmussen et al., 2003; Bauch and Erlenkeuser, 2008; Nieuwenhove
et al., 2008, 2011). Although our simulations suggest that melting of the GIS could10

have affected the overturning circulation in the Nordic Seas, possibly delaying maxi-
mum strength until after the insolation optimum, a very large melt rate of over 0.143 Sv
is needed. As such a flux is at the very high end of the range of reconstructed FWF, we
conclude that it is not likely that GIS melting strongly reduced deep water formation in
the Nordic Seas during the LIG. Assuming that the AMOC in our model has a reason-15

able sensitivity to FWF, our results suggest therefore that the most likely climate state
is regime 2 with an average GIS melt rate between 0.052 Sv and 0.13 Sv.

3.6 Impact of GIS melting on LIG climate

The most likely state of the LIG climate under the influence of a partial melting of the
GIS is, in our simulations, characterized by significant surface temperature anomalies20

in specific regions. Comparing these anomaly patterns with temperature reconstruc-
tions, can help us understand the impact of a melting GIS on the LIG climate.

The most comprehensive compilation of climate reconstructions for the LIG to date
was presented by the CAPE-members (2006). They mapped maximum LIG Arctic
summer temperature anomalies based on a range of different terrestrial, oceanic and25

ice core related proxies. To circumvent large uncertainties in dating geological records
from the LIG, the data compilation does not represent temperature reconstructions
of a specific age but rather maps the maximum LIG summer temperatures for all the
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different sites. We have extended the model-data comparison with maximum LIG sum-
mer temperature reconstructions from the Iberian coastal waters (Sánchez Goñi et al.,
2008) and the Labrador Sea (Hillaire-Marcel et al., 2001) for a better spatial coverage
of the North Atlantic region. However, we restrict our model-data comparison to those
regions in which significant impact of a melting GIS was simulated (Figure 6). We use5

July surface air temperatures on land and August sea surface temperature for marine
sites, corresponding to the warmest months.

For all continental sites, the simulations are within the range of the reconstructed
temperatures except on the southern part of Baffin Island and the site just south of the
Barents Sea (Fig. 7). By contrast, the comparison for marine sites shows a more com-10

plex spatial pattern. For most of the Norwegian Sea and for the central and eastern
North Atlantic Ocean, the simulated temperatures are in agreement with the recon-
structions. However, over the Labrador Sea, reconstructions show ∼5 ◦C higher sum-
mer sea surface temperatures, in stark contrast to a simulated cooling of 3 ◦C compared
to the PI. Smaller differences between simulated and reconstructed temperatures are15

found in the Irminger Sea, parts of the Norwegian Sea and in the Barents Sea.
The model-data comparison reveals an apparent geographical pattern: good corre-

spondence over the central- and eastern part of the North Atlantic and a mismatch over
the Labrador Sea, the Irminger Sea and southern Baffin Island. This pattern matches
the simulated climatic impact on July surface air temperatures in regime 2. This would20

imply that, if during the early LIG insolation maximum GIS melting forced the climate
into regime 2, reconstructed LIG maximum summer temperatures in the Labrador Sea,
the Irminger Sea and over southern Baffin Island were reached during a later part
of the LIG. A delayed thermal maximum relative to the insolation maximum has also
been suggested by (Renssen et al., 2009) for the early Holocene, during which the25

climate was forced by melting of the Laurentide Ice Sheet. Also for parts of the Nor-
wegian and Barents Seas region, modelled summer surface temperatures are not in
agreement with reconstructions. This could suggest that this area was also impacted
by GIS melting, however the model-data comparison is ambiguous. Interestingly, our
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simulations suggest that the influence of GIS melting on the Norwegian and Barents
Seas region is not solely the result of the freshwater flux but of both the freshwater flux
and the atmospheric response to the reduced elevation and extent of the GIS.

4 Discussion

4.1 LIG and future melt rates of the GIS5

The most likely rates of GIS melting during the LIG (between 0.052 Sv and 0.13 Sv) in-
ferred from our simulations, are significantly larger than the rates which can be inferred
from different proxy- and modelling-based studies (up to 0.013 Sv). However, as these
studies present average values over the whole LIG, melt rates might have been signif-
icantly larger during shorter periods of time, possibly a couple of hundreds of years.10

This is quite likely as for several periods of around 400 years, maximum rates of global
sea-level change, including an important though uncertain contribution of the GIS, of
up to 0.29 Sv have been reconstructed for the LIG (Rohling et al., 2008). The range
of LIG GIS melt rates found in this study is also very similar to predictions of future
GIS melting. Forcing LOVECLIM, coupled to an active ice-sheet model, with increased15

greenhouse gas concentrations (IPCC SRES A2-scenario), Driesschaert et al. (2007)
simulate freshwater fluxes from the GIS evolving from around 0.03 Sv up to 0.08 Sv in
the course of several centuries. Based on the extrapolation of GIS mass loss measure-
ments, Rignot et al. (2011) estimated an average freshwater flux of 0.033±0.013 Sv
until the year 2100. If the simulated sensitivity of the North Atlantic climate for the LIG20

is extrapolated into the future, we find that, in line with Driesschaert et al. (2007), these
meltwater fluxes will not be sufficient to shut down the AMOC, nor will they substantially
cool climate in Europe. The estimated future GIS melt fluxes are however similar to the
fluxes for which we simulated a significant impact on deep convection in the Labrador
Sea.25
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4.2 Other mechanisms preventing LSW formation

GIS melting is a likely candidate to have inhibited deep convection in the Labrador Sea
during the early LIG. However, it cannot be ruled out that an alternative mechanism
prevented deep convection in the Labrador Sea. An alternative mechanism explaining
the reconstructed climate state could be increased transport and melt of Arctic sea-5

ice which could have freshened the East- and West Greenland Current. Furthermore,
part of the sea-level high stand during the LIG has been attributed to partial melting
of the West Antarctic Ice Sheet (e.g. Overpeck et al., 2006). This freshwater input
and its effect on the climate are still poorly understood but it might weaken the AMOC
(Swingedouw et al., 2009) and therewith provide an alternative mechanism for the10

reconstructed changes in the LIG climate of the North Atlantic region.

4.3 Assessing model uncertainties

Although climate models offer a very useful tool to investigate past climate variability,
findings about the simulated stability of the climate to certain perturbations depend
heavily on uncertainties in the physics, parameter-set (tuning) and applied forcing sce-15

nario. Here we discuss the performance of our LOVECLIM simulations with respect to
the most important uncertainties.

As shown by Stouffer et al. (2006) the LOVECLIM EMIC performs rather well com-
pared to GCMs in describing the relationship between FWFs and the overturning
strength in the North Atlantic. However, they also show that the models differ a lot20

when it comes to describing the exact location and sensitivity of the deep convection
site in the Labrador Sea. So, although LOVECLIM simulates deep convection in the
right region under present-day forcings, deep convection changes in the Labrador Sea
region should be interpreted with care.

Aside from model-dependent climate sensitivity, a second major source of uncer-25

tainties is related to the applied forcing scenario. The scenarios were set up as
equilibrium experiments forced with 130 ka orbital configuration and greenhouse gas
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concentrations, and with a combination of changes in the GIS elevation, extent and
meltwater flux. The choice of 130 ka BP forcings is somewhat arbitrary as the timing
of the period of enhanced GIS melt during the LIG is uncertain. The orbital and green-
house gas forcings do not differ largely within the early LIG and timing of their changes
is (relatively) well constrained. However, small differences might cause the climate to5

cross a threshold and therewith potentially have large implications on the described
results. Further, simulations with a reduction in GIS elevation and extent suggest a
strong response in the regional atmospheric circulation. However, despite that similar
effects on the atmospheric circulation were found in other studies (e.g. Lunt et al., 2004;
Vizcaı́no et al., 2008), corroborating our findings, models containing a more detailed10

and realistic representation of the atmospheric physics and dynamics are better suited
for further in-depth research into this process. Nevertheless, by performing a range of
sensitivity experiments, we systematically dealt with the uncertainty in GIS-melt forcing
of the model. Finally, three major assumptions are made in the experimental setup
of the scenarios. First, simulations start from a climate characterized by deep wa-15

ter formation in both the Nordic and Labrador Seas. It is however possible that deep
convection did not occur on a sustained basis in these regions during the early LIG
(Hillaire-Marcel et al., 2001) because it was inhibited by the meltwater release during
the preceding deglaciation up to that time. However, this would not exclude melting of
the GIS as an important mechanism which inhibited deep convection after the deglacia-20

tion. Secondly, a constant FWF is prescribed in our simulations, however short periods
of high meltwater production could have had a profound and lasting influence on the
ocean dynamics. A third assumption pertains to the constant, PI configuration of all
global ice sheets except the GIS. From sea level reconstructions, it has been assumed
that the major ice sheets had already melted away at the beginning of the LIG and that25

sea level was at most a couple of meters below its high stand. However, this does not
rule out the possibility that some glacial ice remained, providing meltwater to different
parts of the worlds oceans like the Southern Ocean or the Norwegian and Barents
Seas. As the focus of this study is on the impact of the GIS melting, we have adopted
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the assumption that the configuration and meltwater input into the ocean of other ice
sheets was similar to present-day.

4.4 Outlook

LIG climate was not in equilibrium at the moment GIS melting commenced. Rather the
time varying orbital and greenhouse gas forcings led to transient climatic changes. Per-5

forming transient simulations including a range of GIS melting scenarios may provide
valuable insight into additional feedbacks and into the importance of the timing and du-
ration of GIS melting. Future research will be dedicated to this and will complement the
results described here. Further research into this subject will also be on including the
carbon cycle in the simulations to provide a more direct comparison with proxy-based10

reconstructions of the past overturning circulation.

5 Conclusions

We have tested the models sensitivity to GIS melting and our main findings are:

– For enhanced melting of the GIS we find a nonlinear relationship between the
AMOC, deep convection in the Labrador Sea and deep convection in the Nordic15

Seas. For a GIS melt flux smaller than 0.052 Sv, the evolution of deep convection
in the Nordic Seas is decoupled from the evolution of the AMOC while for larger
GIS melt rates their evolution is again synchronous.

– For additional GIS melt fluxes below 0.052 Sv, we find little impact on climate in
the North Atlantic region. Deep convection takes place in both the Labrador Sea20

and the Nordic Seas and no significant changes in July surface air temperatures
are simulated.

– For additional GIS melt fluxes of between 0.052 Sv and 0.13 Sv, deep convection
is inhibited in the Labrador Sea while in the Nordic Seas deep convection remains
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unaffected. July surface air temperatures decrease by as much as 6 ◦C over the
Labrador Sea and by around 2 ◦C over the southern part of Baffin Island and part
the North Atlantic Ocean, roughly between 40◦ N and 60◦ N.

– For additional GIS melt fluxes of between 0.052 Sv and 0.13 Sv, deep convection
is inhibited in the Labrador Sea while in the Nordic Seas deep convection remains5

unaffected. July surface air temperatures decrease by as much as 6◦C over the
Labrador Sea and by around 2 ◦C over the southern part of Baffin Island and part
the North Atlantic Ocean, roughly between 40◦n and 60◦ N.

– For additional GIS melt fluxes of 0.143 Sv and larger, we find that the strength
of the overturning in the Nordic Seas is weakened. July surface air temperatures10

decrease by around 2 ◦C over the Norwegian and Barents Seas, over Scandinavia
and over the Iberian Peninsula.

– Over large parts of Central and Eastern Europe we simulate no changes in July
surface air temperatures in neither of these regimes.

– In a series of idealized simulations we show that a decreased altitude and extent15

of the GIS results in a 2 ◦C rise of July surface air temperatures over the centre
of the GIS and a 6 ◦C rise over the deglaciated areas. Furthermore, the lower
elevation of the GIS increases the sensitivity of the overturning strength in the
Nordic Seas to enhanced melting of the GIS.

– We have constrained a likely – though model-specific – range of LIG GIS melt20

rates to 0.052 Sv to 0.13 Sv by selecting the climate regime for which the configu-
ration of the North Atlantic Ocean circulation is most consistent with proxy-based
reconstructions for the LIG.

– By comparing the simulated July surface air temperatures for this regime (GIS
melt rates between 0.052 Sv and 0.13 Sv) with reconstructed maximum LIG sum-25

mer temperatures, we show that melting of the GIS possibly delayed the LIG
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thermal maximum in the western part of the North Atlantic region relative to the
insolation maximum and inhibited the formation of Labrador Sea Water.
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Table 1. Overview of estimated GIS contribution (m) to LIG sea-level high stand. Both proxy-
data and combined model-data studies are listed.

Author Range

Cuffey and Marshall (2000) 4–5.5
Tarasov and Peltier (2003) 2.7–4.5
Lhomme et al. (2005) 3.5–4.5
Otto-Bliesner et al. (2006) 1.9–3
Carlson et al. (2008) 2–5.5
Colville et al. (2011) 1.6–2.2
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Table 2. Forcing applied to LIG climate simulations. Values are reconstructed for 130 ka BP, in
line with PMIP3 agreements.

Orbital Parameters Eccentricity 0.038209
Obliquity 24.242◦

Perihelion-180◦ 228.32◦

Greenhouse gas concentrations CO2 257 ppm
CH4 512 ppb
N2O 239 ppb

FWF sensitivity experiments 0.0065 Sv to 0.299 Sv
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Figures 

 

Figure 1: Configuration of the GIS as used in the simulations. The PI (top panel) and LIG (lower panel) situations. The elevation of the 

different grid cells is given in green and brownish colours, the ocean grids cells are blue and different symbols indicate the river outflow 

points and the grid cells covered by ice. Many grid cells are partially covered with ocean and partially with land. For this figure, a cell is 

taken as ocean if at least 90% of the cell is covered with ocean. The outlines of the continents are for reference only. 

Fig. 1. Configuration of the GIS as used in the simulations. The PI (top panel) and LIG (lower
panel) situations. The elevation of the different grid cells is given in green and brownish colours,
the ocean grids cells are blue and different symbols indicate the river outflow points and the
grid cells covered by ice. Many grid cells are partially covered with ocean and partially with
land. For this figure, a cell is taken as ocean if at least 90 % of the cell is covered with ocean.
The outlines of the continents are for reference only.
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Figure 2: The maximum strength of the overturning stream function (Sv) in the North Atlantic (circles) and Nordic Seas (diamonds) as a 

function of the freshwater forcing (Sv) from the GIS. The blue (red) symbols indicate simulations without (with) including changes in the 

topography and albedo of the GIS. Vertical bars indicate the 95% confidence interval (2σ) calculated after a 10-year running mean has been 

applied to filter out sub-decadal variability. All values are calculated over the last 150 years of the simulations. Simulated Pre-industrial 

values are 23.65±0.97 Sv and 2.76±0.17 for the maximum overturning strength in the North Atlantic and Nordic Seas respectively. 

  

Fig. 2. The maximum strength of the overturning stream function (Sv) in the North Atlantic
(circles) and Nordic Seas (diamonds) as a function of the freshwater forcing (Sv) from the GIS.
The blue (red) symbols indicate simulations without (with) including changes in the topography
and albedo of the GIS. Vertical bars indicate the 95 % confidence interval (2σ) calculated after
a 10-yr running mean has been applied to filter out sub-decadal variability. All values are calcu-
lated over the last 150 yr of the simulations. Simulated Pre-industrial values are 23.65±0.97 Sv
and 2.76±0.17 Sv for the maximum overturning strength in the North Atlantic and Nordic Seas
respectively.
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Figure 3: Maximum (April) sea-ice cover (%) in the Labrador Sea (blue circles) and in the Nordic Seas (red squares) as a function of the melt 

rate of the GIS (Sv). Values are averages over the last 150 years of the simulations. The vertical dashed lines distinguish the three different 

climate regimes. 

  

Fig. 3. Maximum (April) sea-ice cover (%) in the Labrador Sea (blue circles) and in the Nordic
Seas (red squares) as a function of the melt rate of the GIS (Sv). Values are averages over the
last 150 yr of the simulations. The vertical dashed lines distinguish the three different climate
regimes.
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Figure 4: Climate anomalies, with respect to the PI, in the North Atlantic region for the LIG-ctrl simulation (top panel) and the 3 climate 

regimes, compared to PI. Left: July atmospheric surface temperatures (°C); Middle: January atmospheric surface temperatures (°C); Right: 

ea surface salinity (psu). 

  

Fig. 4. Climate anomalies in the North Atlantic, in the North Atlantic region for the LIG-ctrl sim-
ulation (top panel) and the 3 climate and the 3 climate regimes, with respect to PI simulations.
Left: July surface air temperatures (◦C); Middle: January surface air temperatures (◦C); Right:
sea surface salinity (psu).
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Figure 5: Comparison of atmospheric July surface temperature anomalies (°C) in the North Atlantic region for the 3 regimes (top to bottom) 

for simulations with either only FWF (left) or with both FWF and changes in the elevation and extent of the GIS (right). 
Fig. 5. Comparison of July surface air temperature anomalies (◦C) in the North Atlantic region
for the 3 climate regimes (top to bottom) for simulations with either only FWF (left) or with both
FWF and changes in the elevation and extent of the GIS (right).
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Figure 6: For the 3 different climate regimes, the areas are shown where a FWF and/or changes in elevation and extent of the GIS 

significantly impacted July surface temperatures. Red indicates a significant FWF impact both with and without the additional influence of 

changes in elevation and extent of the GIS whereas orange (yellow) indicates that the impact is only significant in case the changes in 

elevation and extent of the GIS are (are not)  included. Significant here means that with 96% confidence (2σ) the forced atmospheric July 

surface temperature changes are larger than the unforced, internal variability of the LIG-ctrl simulation. On both the forced and unforced 

time-series a 10-year running mean average has been applied to filter out al sub-decaled variability. 

Fig. 6. For the 3 different climate regimes, the areas are shown where the FWF and/or changes
in elevation and extent of the GIS significantly impact July surface air temperatures. Red in-
dicates a significant FWF impact both with and without the additional influence of changes in
elevation and extent of the GIS whereas orange (yellow) indicates that the impact is only signif-
icant in case the changes in elevation and extent of the GIS are (are not) included. Significant
here means that with 96 % confidence (2σ) the forced July surface air temperature changes are
larger than the unforced, internal variability of the LIG-ctrl simulation. On both the forced and
unforced time-series a 10-yr running mean average has been applied to filter out al sub-decaled
variability.
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Figure7: Model-data comparison for atmospheric July surface temperature anomalies (upper panel) and August sea surface temperature 

anomalies (lower panel; °C) in regime 2 compared to PI including the impact of changes in elevation and extent of the GIS. In the shaded 

areas the simulated impact of the forcings is not significantly large (2σ; 95% confidence level) compared to the internal, decadal and multi-

decadal variability. Proxies show maximum LIG temperatures from the CAPE-dataset (Cape members, 2006) complemented with data of 

Hillaire-Marcel et al. (2001) and Sánches-Goñi et al. (2008). Because of the coarse resolution of the model we have decided to incorporate 

several data points even though they fall at least partly outside of the significantly impacted area. 

  

Fig. 7. Model-data comparison for July surface air temperature anomalies (upper panel) and
August sea surface temperature anomalies (lower panel; ◦C) in regime 2 compared to PI includ-
ing the impact of changes in elevation and extent of the GIS. In the shaded areas the simulated
impact of the forcings is not significantly large (2σ; 95 % confidence level) compared to the inter-
nal, decadal and multi-decadal variability. Proxies show maximum LIG summer temperatures
from the CAPE-dataset (CAPE-members, 2006) complemented with data of Hillaire-Marcel
et al. (2001) and Sánchez Goñi et al. (2008). Because of the coarse resolution of the model
we have decided to incorporate several data points even though they fall at least partly outside
of the significantly impacted area.
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