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Abstract. Using simulated climate data from the compre-
hensive coupled climate model IPSL CM4, we simulate the
Greenland ice sheet (GrIS) during the Eemian interglaciation
with the three-dimensional ice sheet model SICOPOLIS. The
Eemian is a period 126 000 yr before present (126 ka) with
Arctic temperatures comparable to projections for the end of
this century. In our simulation, the northeastern part of the
GrIS is unstable and retreats significantly, despite moderate
melt rates. This result is found to be robust to perturbations
within a wide parameter space of key parameters of the ice
sheet model, the choice of initial ice temperature, and has
been reproduced with climate forcing from a second coupled
climate model, the CCSM3. It is shown that the northeast
GrIS is the most vulnerable. Even a small increase in melt re-
moves many years of ice accumulation, giving a large mass
imbalance and triggering the strong ice-elevation feedback.
Unlike the south and west, melting in the northeast is not
compensated by high accumulation. The analogy with mod-
ern warming suggests that in coming decades, positive feed-
backs could increase the rate of mass loss of the northeast-
ern GrIS, exceeding the recent observed thinning rates in the
south.

1 Introduction

Recent observations show that ice loss on Greenland is accel-
erating (Velicogna, 2009; van den Broeke et al., 2009), con-
tributing considerably to the rise in eustatic sea level (Rignot
et al., 2011). However, there is no justification to extrapolate
recent changes of the GrIS to long-term trends (Oerlemans
et al., 2006). About half of its current mass loss is due to

dynamic adjustments (van den Broeke et al., 2009), related
to retreating calving fronts of tidewater glaciers (Pritchard
et al., 2009). These processes can not sustain their present
rate of retreat for very long, and concern relatively limited
volumes of ice. On the other hand, recently observed large
and highly variable melt areas (Bhattacharya et al., 2009)
probably eclipse smaller, but sustained trends that are capa-
ble of causing a substantial sea-level rise in the long-term.
Melt alone is a questionable indicator for ice sheet stability,
because moderate melting may have a large effect in regions
with low accumulation and weak ice transport. In this regard,
the dry northeastern sector of the GrIS might be a very vul-
nerable region of the ice sheet (Fig.1).

Studies of the geological past provide valuable informa-
tion on the long-term response of the GrIS to warm periods.
The last interglacial period, the Eemian, is considered the
warmest period of the past 150 thousand years (Jansen et al.,
2007). Evidence from fossil coral reefs suggest a sea-level
highstand of 4 to 8 m (Overpeck et al., 2006; Kopp et al.,
2009), mostly due to melting polar ice sheets while thermal
expansion of ocean waters played a secondary role (McKay
et al., 2011). Temperatures on and around Greenland were
0–5◦C higher than today (Axford et al., 2011; CAPE mem-
bers, 2006; Otto-Bliesner et al., 2006). The warming and ice
loss were caused by a change in seasonal insolation (van de
Berg et al., 2011; Loutre et al., 2004), while greenhouse gas
concentrations were comparable to preindustrial values (Pe-
tit et al., 1999; Lüthi et al., 2008). Nevertheless, the recon-
structed warming of the Arctic during the Eemian is similar
to the projected 2.8–7.8◦C temperature increase for the end
of this century (IPCC, 2007; Christensen et al., 2007; Clark
and Huybers, 2009).

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Fig. 1. Observed average duration of melt season in 1979-2007 (left, in days) (Abdalati, 2007), and
average winter (DJF) precipitation in 1958-2001 from ERA-40 (right, in m/yr). As in the south, the
northeastern region of the ice sheet shows a long melt season. Unlike regions in the south, however, the
northeast receives very little precipitation to balance the melting.

4

Fig. 1. Observed average duration of melt season in 1979–2007
(left, in days) (Abdalati, 2007), and average winter (DJF) precip-
itation in 1958–2001 from ERA-40 (right, in m yr−1). As in the
south, the northeastern region of the ice sheet shows a long melt
season. Unlike regions in the south, however, the northeast receives
very little precipitation to balance the melting.

Eemian sea-level estimates provide little constraint on the
size of the GrIS, ranging from partial melting to a total loss
of 7 m sea-level equivalent. The highest estimates of Eemian
sea level include a potentially large but unknown contribu-
tion from the Antarctic ice sheet. Due to the expansion of
ice at the last glacial maximum and the erosion of poten-
tial archives, few reliable proxy data exist for Eemian ice ex-
tent except for the Greenland ice cores. The bottom sections
of the summit cores (GISP2, GRIP, NGRIP) and the north-
western core at Camp Century contain Eemian ice (Dans-
gaard et al., 1985; Chappellaz et al., 1997; NGRIP-members,
2004; Landais et al., 2004; Suwa et al., 2006), indicating that
the GrIS covered these locations. Tentative results from the
NEEM also suggest the existence of Eemian ice (Foresta,
2011). The isolated ice cap on the Renland peninsula also
contains ice in its bottom section, dated to be older than
130 ka (Johnsen et al., 1992). In southeastern Greenland, at
the Dye-3 core site, basal ice is also found to predate the
Eemian (Willerslev et al., 2007). However, due to its very old
age (>400 000 yr) and the lack of direct evidence of Eemian
ice, an Eemian glaciation at this site remains uncertain (Alley
et al., 2010). A recent study concluded moderate melting of
the southern GrIS, supporting the persistence of the southern
dome and probably Dye-3 (Colville et al., 2011). Two iso-
lated ice caps in northern and northeastern Greenland (Hans
Tausen Iskappe and Flade Isblink) do not hold ice older than
the thermal optimum of the present interglaciation (Hammer
et al., 2001; Lemark, 2010).

Previous model studies of the last interglaciation found
substantial melting of the southern part of the Greenland
ice sheet, equivalent to a global sea- level rise of 4–5.5 m

(Cuffey and Marshall, 2000) or 2–3 m (Otto-Bliesner et al.,
2006). The low estimate requires melting of the southern
dome of the GrIS, whereas the high estimate requires addi-
tional melting of the northernmost part of the GrIS. Several
studies describe a melting of the northern GrIS with Eemian
boundary conditions, either in addition to a near complete
loss of the South Dome (Huybrechts, 2002; Tarasov and
Peltier, 2003; Lhomme et al., 2005), or with significant melt-
ing in the north while no ice is lost in the south (Fyke et al.,
2011). Sea-level rise estimates of these studies range from 2
to 5.5 m. Yet another scenario is offered byRobinson et al.
(2011) who simulate melting from the west and north that
separates the southernmost part of the GrIS, resulting in a
sea- level rise of 0.4–4.4 m. All of these studies explain a
substantial part of the reconstructed sea-level highstand of
the last interglacial period, but most contradict the evidence
for Eemian ice at the core locations discussed above.

We simulate the GrIS at 126 ka, using a three-dimensional
ice sheet model, forced with a climate simulation from a
comprehensive coupled climate model. We describe a high
sensitivity to Eemian boundary conditions and strong melt-
ing in the northeastern GrIS. The robustness of this result is
validated with a large ensemble of sensitivity simulations and
theoretical considerations of ice sheet stability. This paper is
organized as follows. The ice sheet and climate models are
described in Sect.2. Sect.3 presents results of the analysis,
divided into the simulation of the GrIS (Sect.3.2), quantifi-
cation of ice sheet stability (Sect.3.3) and the presentation
of ensemble simulations (Sect.3.4). Section4 discusses the
results. We summarize and conclude in Sect.5

2 Model description

We use the three-dimensional, thermomechanical ice sheet
model, SICOPOLIS 2.9 (Greve, 1997), forced with monthly
temperature and total precipitation from the Institut Pierre
Simon Laplace Coupled Model 4 (IPSL CM4) (Marti et al.,
2005). The horizontal resolution of the ice sheet model is
10 km with 90 vertical layers. The lower 10 layers simulate
ice at the pressure melting point. Ice dynamics are repre-
sented with the shallow-ice approximation, neglecting lon-
gitudinal stresses. This simplification is valid for ice masses
that are thin compared to their lateral extent, flowing slowly
over a horizontal bed. Ice shelves can not be simulated, nor
can valley glaciers. This is a widely used approximation that
yields satisfactory results for the predominantly cold-based
Greenland ice sheet on a flat topography.

Geothermal heat flux has a non-uniform distribution (Pol-
lack et al., 1993), ice and bedrock topographies are initial-
ized with modern observations (Amante and Eakins, 2009),
and the bedrock responds to ice load with a relaxation time
of 3000 yr. The initial temperature of the ice is constant at
−50◦C in the upper part of the ice sheet, increasing linearly
to −5◦C at the bedrock over the lower 1000 m of ice. This
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temperature profile qualitatively matches modern bore hole
temperatures at the GRIP ice core (Johnsen et al., 1995).
−50◦C corresponds to the temperature of ice that accumu-
lated at this same location during the last glaciation (Dahl-
Jensen et al., 1998). To test the sensitivity to the choice of ini-
tial conditions, additional experiments were carried out with
ice temperatures of−30◦C, approximating the present-day
ice profile, and−40◦C.

Climate forcing is provided from simulations of the
coupled model IPSL CM4. Three climate model experi-
ments are used as boundary conditions for the ice model:
Eemian (126 ka), glacial inception (115 ka) and preindustrial
(1850 AD, 0 ka). All employ constant present-day ice topog-
raphy, surface conditions and preindustrial greenhouse gas
concentrations. For the Eemian and glacial inception, orbital
parameters are adjusted to their values at 126 ka and 115 ka,
respectively. While this set-up generally is a good approxi-
mation for the Eemian, the use of present-day topography is
probably not realistic for the GrIS. However, the simulation
compares well with existing proxy data, also in the vicinity
of the GrIS (Braconnot et al., 2008; Born et al., 2010, 2011).

A second set of forcing fields is obtained from the Com-
munity Climate System Model 3 (CCSM3) for the Eemian
at 130 ka, in order to test the robustness of the results to the
choice of climate model. The experimental design is equiv-
alent to IPSL CM4. An extensive discussion of this experi-
ment can be found inOtto-Bliesner et al.(2006).

Climate fields are interpolated bilinearly to match the hor-
izontal resolution of the ice sheet model. In addition, temper-
ature fields are corrected for the coarse representation of the
surface height of the GrIS in IPSL CM4 and CCSM3, and by
following the evolving ice topography in SICOPOLIS, using
a fixed atmospheric lapse rate of−6.5◦C km−1. This cor-
rected monthly temperature is used to calculate melt accord-
ing to the positive degree day method (Reeh, 1991). Accu-
mulation, i.e. solid precipitation, is estimated using interpo-
lated monthly fields for temperature and total precipitation.
The total precipitation from the climate model is interpreted
as 100 % snow if the monthly average temperature is lower
than, or equal to−12◦C. Similarly, above +4◦C, all precip-
itation is given as rain and does not contribute to the mass
balance. A linear interpolation is employed between these
two temperatures. The interpolation procedure for CCSM3
is identical to IPSL CM4.

3 Results

3.1 Simulated greenland climate

The interpolated and elevation-corrected summer temper-
atures from the preindustrial experiment with IPSL CM4
(Fig. 2a) agree well with observations (Steffen and Box,
2001). For the Eemian (Fig.2b), summer temperatures are
on average 3.2◦C higher compared to present-day, with

stronger warming at high latitudes and elevations (Fig.3).
This anomaly is consistent with changes in (summer) insola-
tion forcing, which increase toward high latitudes and have
an enhanced effect at high altitudes where the cloud cover is
less persistent. Simulated winter precipitation (Fig.2c) also
generally agrees with observations (Fig.1, right), but is too
high in the north and west. Changes in precipitation at 126 ka
are minor in IPSL CM4 (Fig.2d).

In the CCSM3, preindustrial near surface summer temper-
atures are higher than in IPSL CM4 (Fig.4a). In this model,
Eemian summer climate is approximately 4.1◦C warmer
than preindustrial. However, the temparature anomaly pat-
tern is similar to that of the IPSL CM4 (not shown). The
simulated precipitation of CCSM3 does not match observa-
tions very well (Fig.4c). Southern and eastern Greenland re-
ceive too little precipitation while the north is too wet. The
precipitation distribution changes considerably with 130 ka
boundary conditions (Fig.4d).

3.2 Simulated Greenland ice sheet cover

Running the ice sheet model for 10 000 yr with preindustrial
climate forcing (0 ka) from IPSL CM4, initialized with cold
ice, yields a fully glaciated Greenland (Fig.5a). Compared
to the modern observed ice topography, the ice is slightly too
thick and its area too large.

When simulating the GrIS at the Eemian, the time evo-
lution of the ice sheet is critical. In particular, the duration
of melting on Greenland during the Eemian is not well-
constrained by proxy data (e.g.Yokoyama and Esat, 2011).
To estimate this duration, a transient simulation with the
SICOPOLIS GrIS model is carried out spanning the period
130 ka to 110 ka, forced with two time-slice simulations of
IPSL CM4 at 126 ka and 115 ka. After interpolating the cli-
mate model data spatially as described in Sect.2, transient
forcing was obtained by a temporal interpolation of the two
climate model time-slice simulations over a 20 000 yr period
from 130 ka to 110 ka, using June insolation at 65◦ N as a
normalized scalar index (Fig.6a). Linear interpolation has
not been used because it yields unrealistic results for the ex-
trapolation before 126 ka and after 115 ka.

Due to insufficient proxy data, the ice sheet is initialized
with present-day ice and bedrock topographies at 130 ka. It
is unclear whether this is a good starting point, or if the
present-day shape of the ice sheet is a good approximation
for that period. From this simulation, the duration of melting
is estimated to approximately 6000 yr (Fig.6). After that, ice
re-grows due to the falling solar insolation, the last glacial
inception. However, this approach has several caveats. The
interpolated seasonal climate forcing of the transient exper-
iment is only an approximation and not an accurate repre-
sentation of Eemian climate evolution. Conceivable abrupt
climate shifts during the penultimate deglaciation are dis-
regarded as are changes in climate due to the shrinking ice
sheet. In summary, the transient simulation is not considered

www.the-cryosphere.net/6/1239/2012/ The Cryosphere, 6, 1239–1250, 2012
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a b c d

Fig. 2. Seasonal averages of forcing fields from IPSL CM4, interpolated onto the ice sheet model grid.
Temperature data has been corrected with a fixed lapse rate of-6.5 K/km to adjust for height differences
between ice sheet and climate model.a) Summer (JJA) surface temperature for preindustrial climate (0
ka, in◦C), b) JJA surface temperature for 126 ka (in◦C), c) Winter (DJF) precipitation for 0 ka (in m/yr),
d) DJF precipitation for 126 ka (in m/yr).

(Fig. 4a). In this model, Eemian summer climate is approximately 4.1◦C warmer than prein-
dustrial. However, the temparture anomaly pattern is similar to that of the IPSL CM4 (not
shown). The simulated precipitation of CCSM3 does not match observations very well (Fig.
4c). Southern and eastern Greenland receive too little precipitation while thenorth is too wet.
The precipitation distribution changes considerably with 130 ka boundary conditions (Fig. 4d).5

3.2 Simulated Greenland ice sheet cover

Running the ice sheet model for 10,000 years with preindustrial climate forcing (0 ka) from
IPSL CM4, initialized with cold ice, yields a fully glaciated Greenland (Fig. 5a).Compared to

8

Fig. 2. Seasonal averages of forcing fields from IPSL CM4, interpolated onto the ice sheet model grid. Temperature data has been corrected
with a fixed lapse rate of−6.5◦C km−1 to adjust for height differences between ice sheet and climate model.(a) Summer (JJA) surface
temperature for preindustrial climate (0 ka, in◦C), (b) JJA surface temperature for 126 ka (in◦C), (c) Winter (DJF) precipitation for 0 ka (in
m yr−1), (d) DJF precipitation for 126 ka (in m yr−1).
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Fig. 3. Difference 126 ka - 0 ka in summer insolation(left) and JJA surface air temperature in IPSL CM4
(in ◦C, right).

the modern observed ice topography, the ice is slightly too thick and its area toolarge.
When simulating the GrIS at the Eemian, the time evolution of the ice sheet is critical. In

particular, the duration of melting on Greenland during the Eemian is not well-constrained by
proxy data (e.g. Yokoyama and Esat (2011)). To estimate this duration, a transient simulation
with the SICOPOLIS GrIS model is carried out spanning the period 130 ka to110 ka, forced5

with two time slice simulations of IPSL CM4 at 126 ka and 115 ka. After interpolatingthe
climate model data spatially as described in section 2, transient forcing was obtained by a tem-
poral interpolation of the two climate model time slice simulations over a 20,000 year period
from 130 ka to 110 ka, using June insolation at 65◦N as a normalized scalar index (Fig. 6a).
Linear interpolation has not been used because it yields unrealistic resultsfor the extrapolation10

before 126 ka and after 115 ka.
Due to insufficient proxy data, the ice sheet is initialized with present day iceand bedrock

9

Fig. 3. Difference 126 ka–0 ka in summer insolation (left) and JJA
surface air temperature in IPSL CM4 (in◦C, right).

more realistic than a simulation with invariable climate forc-
ing, and its results are solely used to constrain the melt dura-
tion.

A new simulation with climate forcing fixed to 126 ka val-
ues is used to investigate the response of the GrIS. After
6000 yr, the loss of Greenland ice corresponds to a global
sea-level rise of 4.2 m (Fig.5b). Large regions become ice-
free, most notably in the northeast and southwest. The loca-
tions of all deep ice core sites remain glaciated. Within the
10 000 yr duration of the simulation with constant forcing,

the only long ice core to become ice-free is NEEM. This
occurs after 8300 model years, and defines an upper limit
for sea-level rise of 5.9 m. Ice at Dye-3 becomes thinner, but
does not disappear until the end of the 10 000 yr simulation.

Melting of the ice margins results in reduced ice thickness
in the remaining ice sheet (Fig.5, right). After 6000 yr, ice
at the location of today’s Greenland summit is about 400 m
thinner in the Eemian than in the modern simulation, which
compares well to estimates based on total gas content at
GRIP (Raynaud et al., 1997; Cuffey and Marshall, 2000) and
δ18O (Masson-Delmotte et al., 2011). Thinning at NGRIP is
simulated to be less than 200 m, in agreement with a negli-
gible reduction in elevation found for the late Eemian at this
site (Svensson et al., 2011). NEEM experiences a thinning of
approximately 300 m, Dye-3 of 100 m and a slight thickening
is simulated at Camp Century.

3.3 Changes in surface mass balance and ice stability

In order to investigate the impact of Eemian climate on the
GrIS mass balance, independent of feedback mechanisms
arising from changes in ice topography and flow, we com-
pare the simulated mass balance for the Eemian (126 ka)
and preindustrial climate (0 ka) for the first time step after
model initialization, i.e. before changes in ice topography
take place. Eemian warming results in increased melt every-
where (Fig.7, left). However, only moderate melt is seen in
northeastern Greenland, with higher melt simulated further
south. Accumulation of snow is reduced in the south and
west of the ice sheet due to higher temperatures. Also as
a result of higher atmospheric temperatures and vapor con-
tent, especially at higher altitudes, accumulation slightly in-
creases in central and northeastern Greenland. However, in

The Cryosphere, 6, 1239–1250, 2012 www.the-cryosphere.net/6/1239/2012/
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Fig. 4. As figure 2, but for CCSM3.

topographies at 130 ka. It is unclear whether this is a good starting point, or if the present day
shape of the ice sheet is a good approximation for that period.From this simulation, the duration
of melting is estimated to approximately 6,000 years (Fig. 6). After that, ice re-grows due to the
falling solar insolation, the last glacial inception. However, this approach has several caveats.
The interpolated seasonal climate forcing of the transient experiment is onlyan approximation5

and not an accurate representation of Eemian climate evolution. Conceivable abrupt climate
shifts during the penultimate deglaciation are disregarded as are changes inclimate due to the
shrinking ice sheet. In summary, the transient simulation is not considered more realistic than
a simulation with invariable climate forcing, and its results are solely used to constrain the melt
duration.10

A new simulation with climate forcing fixed to 126 ka values is used to investigate the re-
sponse of the GrIS. After 6,000 years, the loss of Greenland ice corresponds to a global sea
level rise of 4.2 m (Fig. 5b). Large regions become ice-free, most notably in the northeast and
southwest. The locations of all deep ice core sites remain glaciated. Within the 10,000 year

10

Fig. 4.As Fig.2, but for CCSM3.
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Fig. 5. Modelled ice thickness (in m) after 10,000 years of simulation with preindustrial forcing (left) and
after 6,000 years with 126 ka forcing (middle). Difference in ice thickness 126 ka - 0 karight. Regions
defined for this study are separated by bold black lines. Circles show locations of ice core sites (from
north to south: Hans Tausen Iskappe, Flade Isblink, Camp Century, NEEM, NGRIP, GRIP, Renland,
Dye-3). Preindustrial ice area and thickness are well reproduced. With 126 ka forcing, the Greenland ice
sheet melts mostly from the northeast and southwest. The southern dome does not disappear.
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Fig. 5. Modelled ice thickness (in m) after 10 000 yr of simulation with preindustrial forcing (left) and after 6000 yr with 126 ka forcing
(middle). Difference in ice thickness 126 ka–0 ka (right). Regions defined for this study are separated by bold black lines. Circles show
locations of ice core sites (from north to south: Hans Tausen Iskappe, Flade Isblink, Camp Century, NEEM, NGRIP, GRIP, Renland, Dye-3).
Preindustrial ice area and thickness are well reproduced. With 126 ka forcing, the Greenland ice sheet melts mostly from the northeast and
southwest. The southern dome does not disappear.

general, changes in accumulation are at least one order of
magnitude smaller than in ablation and therefore negligible
(Fig. 7, right).

Clearly changes in climate alone can not explain the rapid
ice loss in northeastern Greenland, which must be aided by
the positive ice-elevation feedback mechanism that domi-
nates the rate of melting after an initial period. On the other
hand, the feedback is only the reaction to the primary trig-
ger, the change in climate. Thus, we would like to estimate
the a priori unknown response of the feedback from readily
available surface mass balance terms and thereby quantify
the vulnerability of different regions of the GrIS to Eemian
climate.

This requires two key assumptions to be made that are
motivated by the design of the numerical experiments and
our aim to construct the most elementary model to explain
the numerical experiments: (1) firstly, changes in accumula-
tion are small, which appears reasonable from the simulation
with SICOPOLIS (Fig.7, right). (2) Secondly, changes in ice
flow are neglected. Since 0 ka and 126 ka simulations are ini-
tiated with the same modern ice and bedrock topographies,
ice flow is the same in both experiments initially. This will
change over the course of the simulation but we assume that
lateral ice flow can not accelerate enough to compensate the
fast vertical changes in ice elevation and is thus negligible.
This assumption will be tested later on.

www.the-cryosphere.net/6/1239/2012/ The Cryosphere, 6, 1239–1250, 2012
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Fig. 6. a) June insolation at 65◦N. b) Average ice thickness evolution of the GrIS between 130 ka and
110 ka. The model was initialized with preindustrial ice andbedrock topographies. Some adjustment is
visible in the first 1000 years. After that, ice melts for approximately 6,000 years, followed by a recovery
at the end of the last interglaciation.

duration of the simulation with constant forcing, the only long ice core to becomeice-free is
NEEM. This occurs after 8,300 model years, and defines an upper limit for sea level rise of
5.9 m. Ice at Dye-3 becomes thinner, but does not disappear until the endof the 10,000 year
simulation.

Melting of the ice margins results in reduced ice thickness in the remaining ice sheet (Fig.5

5, right). After 6000 years, ice at the location of todays Greenland summit isabout 400
m thinner in the Eemian than in the modern simulation, which compares well to estimates
based on total gas content at GRIP (Raynaud et al., 1997; Cuffey andMarshall, 2000) and

12

Fig. 6. (a)June insolation at 65◦ N. (b) Average ice thickness evo-
lution of the GrIS between 130 ka and 110 ka. The model was ini-
tialized with preindustrial ice and bedrock topographies. Some ad-
justment is visible in the first 1000 yr. After that, ice melts for ap-
proximately 6000 yr, followed by a recovery at the end of the last
interglaciation.

Neglecting lateral transport of ice, changes in ice eleva-
tion H(t) only depend on the balance between accumulation
ACC and ablation ABL(t), where ACC is approximately con-
stant, andH(t) and ABL(t) vary in time:

∂tH(t) = ACC− ABL(t) . (1)

The positive ice-elevation feedback, manifested by in-
creased melt as the ice surface reaches lower elevations, can
be simplified as

ABL(t) = −α(H(t) − H0) , (2)

whereα is a constant positive factor characterizing the eleva-
tion dependence of ablation andH0 is the ice thickness where
ablation becomes zero. For simplicity the feedback has been
linearized here. Its nonlinearity is not relevant for the argu-
ment presented here. The time derivative yields

∂tABL(t) = −α∂tH(t) (3)

Combining Eqs. (1) and (3) yields:

∂tABL(t) = α (ABL(t) − ACC) , (4)

dividing by accumulation:

∂t

(
ABL(t)

ACC

)
=

∂tABL(t)

ACC
= α

(
ABL

ACC
− 1

)
⇒

ABL

ACC
(t) = eαt

+ 1 . (5)

In equilibrium and without lateral ice transport, the ratio
of melt to accumulation ABL/ACC must be one to hold ice
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Fig. 7. Anomalies and ratios of change at the first model time step, thus independent from changes in
ice topography and dynamics:Left: melt anomaly ‘126 ka - 0 ka’ (color, m/yr) and initial ice elevation
(contours, m).Right: accumulation anomaly ‘126 ka - 0 ka’ (color, m/yr). With 126 ka climate boundary
conditions, melting increases throughout the entire ice sheet, mostly in low-lying regions and in large
regions in northern Greenland. Accumulation changes are atleast one order of magnitude smaller.
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Fig. 7. Anomalies and ratios of change at the first model time step,
thus independent from changes in ice topography and dynamics:
(left) melt anomaly “126 ka–0 ka” (color, m yr−1) and initial ice el-
evation (contours, m). (Right) accumulation anomaly “126 ka–0 ka”
(color, m yr−1). With 126 ka climate boundary conditions, melting
increases throughout the entire ice sheet, mostly in low-lying re-
gions and in large regions in northern Greenland. Accumulation
changes are at least one order of magnitude smaller.

elevation invariant. Following Eq. (5), an imbalance in the
ABL/ACC ratio grows exponentially due to the ice-elevation
feedback. This essentially reflects increased melting and thus
ice loss while changes in accumulation are negligible (Fig.7,
right).

The absolute change in relative surface mass balance
(ABL126 ka− ABL0 ka)/ACC0 ka quantifies surplus ablation
due to Eemian warmth in “accumulation-years”. It therefore
estimates how many years of average accumulation are lost
by the additional melting, a measure of local ice sheet stabil-
ity (Fig. 8, left). Regions of ice retreat are identified by high
values, thus an unsustainable increase in melting. In particu-
lar, manifold imbalances reach far inland in the northeast due
to the low accumulation (Figs.1, 2c, d). In contrast to the
southwest, this affects not only marginal ice areas but also
ice that is dynamically connected to the large interior body
of the ice sheet.

Note that the ratio ABL/ACC will always have values
above one near the ice margin, even for an ice sheet in dy-
namical equilibrium because ice flow from interior regions
compensates for ice loss at lower elevations. By how much
would the ice flow have to increase to counteract the im-
balance in surface mass balance due to Eemian climate? In
steady state, changes in ice elevation due to accumulation
ACC, melting ABL and ice flowF balance to zero:

∂tH = ACC− ABL + F = 0 (6)

⇒ F = −(ACC− ABL) = −(absolute surface mass balance)
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thereby draws more ice from the stable region to the southeast of the ice sheet which receives
most accumulation. The simplification of negligible ice flow in equation (1) is thus justified for
northeastern Greenland. Note also that in spite of this crude simplification the above concept
does describe the ice loss in the comprehensive three-dimensional ice sheet model successfully.

Fig. 8. Left: Ratio between melt anomaly and preindustrial accumulation, (ABL126ka −

ABL0ka)/ACC0ka. It quantifies surplus melting in ‘accumulation-years’, a measure of instability. The
northeastern region of Greenland is the least stable.Right: Ratio of absolute surface mass balances,
(ACC−ABL)126ka/(ACC−ABL)0ka. For mass flow to balance surface imbalances, it needs to in-
crease by the same factor, which is unrealistically large for the northeastern GrIS.
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Fig. 8. (Left) Ratio between melt anomaly and preindustrial
accumulation, (ABL126 ka− ABL0 ka)/ACC0 ka. It quantifies
surplus melting in “accumulation-years”, a measure of in-
stability. The northeastern region of Greenland is the least
stable. (Right) Ratio of absolute surface mass balances,
(ACC− ABL)126 ka/(ACC− ABL)0 ka. For mass flow to bal-
ance surface imbalances, it needs to increase by the same factor,
which is unrealistically large for the northeastern GrIS.

Thus,relative changes in absolute surface mass balance,
(ACC− ABL)126 ka/(ACC− ABL)0 ka, must be matched by
equal changes in ice volume transport. Here again, the north-
eastern GrIS is identified as the least stable region with a
required fivefold increase in ice flow (Fig.8, right). Such
an increase might be possible near steep topographic gradi-
ents but is unlikely for this relatively large region of smooth
ice and bedrock topography. In contrast, the region of man-
ifold surface mass balance in the southwest is a relatively
thin band restricted to the margin. Steep surface slopes are
already present and further enhanced by melting of the low-
est elevation ice. This dynamical regime is different from the
northeast and ice flow can effectively slow down ice loss.
Moreover, the melting in the west causes the ice divide to
move eastward and thereby draws more ice from the sta-
ble region to the southeast of the ice sheet which receives
most accumulation. The simplification of negligible ice flow
in Eq. (1) is thus justified for northeastern Greenland. Note
also that in spite of this crude simplification, the above con-
cept does describe the ice loss in the comprehensive three-
dimensional ice sheet model successfully.

3.4 Ensemble simulations

To assess the robustness of our results, a large ensemble
of experiments was run covering a wide range of parame-
ter space, extending the methodology ofRitz et al. (1997)
(Table 1). Similar recent attempts includeRobinson et al.
(2011) and Applegate et al.(2011). Aside from the tested

parameters, the experiments are configured and initialized as
described in Sect.2. In contrast to the experiments decribed
above, heat flux is uniform in the ensemble experiments. All
experiments have been run for 10 000 yr in order to reach
quasi-equilibrium.

As the GrIS loses mass, thinning in the northeast is faster
than in the south (Fig.9, left), consistent with the transient
evolution of the original experiment and corroborating the
higher vulnerability of the northeastern region. This result
is reproduced with climate forcing from the 130 ka simula-
tion with CCSM3 (Fig.9, right). The coupling scheme for
CCSM3 is identical to the description above, i.e. the interpo-
lated climate fields are applied without modification.

4 Discussion

Previous model studies of the Eemian identified the south-
ern GrIS as the most vulnerable (Cuffey and Marshall, 2000;
Lhomme et al., 2005; Otto-Bliesner et al., 2006). Other sim-
ulations found additional melting of the northern GrIS (Huy-
brechts, 2002; Tarasov and Peltier, 2003; Robinson et al.,
2011; Fyke et al., 2011). However, several of these studies
describe a retreat of the ice edge from the north or northwest,
which in many cases leads to ice-free conditions at Camp
Century and NEEM, contradicting proxy data. This is not the
case in the simulation presented in the present study, where
Eemian ice at Camp Century and NEEM are preserved.

Climate forcing in these previous studies is very different
from what is employed here, which might partly explain the
different results. The older studies emulate past climates as a
spatially homogeneous anomaly of today’s temperature pat-
tern, modulated by a single index based on proxy data, usu-
ally the GRIPδ18O record, quantifying temperature varia-
tions in time (Cuffey and Marshall, 2000; Huybrechts, 2002;
Tarasov and Peltier, 2003; Lhomme et al., 2005). Since the
same index is applied to the entire GrIS, this approach does
not take into account different trends in different regions, nor
does it capture changes in the pattern of atmospheric circula-
tion and precipitation. However, more importantly, the pref-
erential warming of northern Greenland during the Eemian
due to larger insolation changes is not captured. More recent
simulations employ regional energy-moisture balance mod-
els to downscale climate simulations of very coarse resolu-
tion and dynamically simplified climate models onto the ice
sheet model grid in a physically consistent way (Robinson
et al., 2011; Fyke et al., 2011). Interestingly, these studies
find a more vulnerable northern GrIS. The coupling proce-
dure used inOtto-Bliesner et al.(2006) makes use of the sim-
ulated climate from a comprehensive coupled climate model,
similar to our approach. The main difference is that these au-
thors forced their ice sheet model with the simulated climate
anomaly for the Eemian (130 ka–0 ka) added to the observed
climatology, while we use the simulated climate fields di-
rectly.
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Table 1. Parameter range for ensemble experiments and standard values used in the simulations above. Heat flux is non-uniform in the
standard experiment. One experiment for every possible permutation of the above parameters has been carried out, for two different climate
forcings, giving a total of 15 552 model simulations (see Fig.9).

Parameter Value Standard value Unit

Initial ice temperature −50...10...−30 −50 ◦C
Geothermal heat flux 30...10...80 ∼ 65 m W m−2

Degree-day factor for snow 3...8 5 mm day−1 K−1

Degree-day factor for ice 10...2...20 14 mm day−1 K−1

Basal sliding 5...2...15 11.2 m a−1 Pa−1

Flow enhancement factor 1, 3 3 dimensionless

Biases of the simulated climate, especially at high northern
latitudes and at high elevations of the Greenland ice sheet,
are potentially large and might explain some discrepancies
between different studies (Masson-Delmotte et al., 2010).
The main finding of the present study, however, is unlikely
to result from model biases. The results have been repro-
duced with climate forcing of a second comprehensive cli-
mate model. Both climate models have been validated to sim-
ulate Eemian climate consistent with proxy data in previous
studies (Overpeck et al., 2006; Otto-Bliesner et al., 2006;
Braconnot et al., 2008; Born et al., 2010, 2011). The im-
pact of contingent climate biases is effectively simulated by
changing the melt parameters of the ice sheet model, which
was found to not change the high vulnerability of the north-
eastern GrIS. Similarly, the wide range of parameters chang-
ing the ice sheet dynamics makes a dependence on the choice
of ice sheet model unlikely as well. Uncertainty remains in
the choice of initial conditions, which were derived from
the present-day ice and bedrock topography and a piecewise
linear approximation of present-day borehole temperatures.
This configuration might result in inconsistent dynamics and
thermodynamics within the initial ice sheet and subsequent
experiments might be affected by a relaxation to model equi-
librium. Nevertheless, this initialization method enables us
to test this uncertainty with different initial temperatures and
the results are found to be robust.

Currently available proxy data is inconclusive as to the
shape of the Eemian GrIS. Pollen in marine sediments off
the south Greenland coast has been interpreted to imply con-
siderable melting of the GrIS to allow for growth of exten-
sive vegetation (de Vernal and Hillaire-Marcel, 2008). Con-
siderable melting of the GrIS in the south is supported by
the finding of a greater discharge of glacial flour during the
Eemian than during the early Holocene (Carlson et al., 2008).
However, isotopic analysis of the glacial flour off Greenland
has recently been found to source from all 3 south Green-
land Precambrian terranes and thus significant ice remained
on southern Greenland through the Eemian (Colville et al.,
2011). An early analysis of basal ice from Dye-3 concluded
that ice at this location disappeared during the Eemian, as
well as at Camp Century (Koerner, 1989). However, several

Fig. 9.Simulated average ice thickness in northeastern (gray, black)
and and southern (red) regions, as a function of the average ice
thickness of the entire ice sheet, for 126 ka in IPSL CM4 (top
panel) and 130 ka in CCSM3 (bottom panel). Each data point cor-
responds to one of 15 552 ensemble members with a different set
of parameters, run for 10 000 yr. Different ice initial temperatures
are highlighted for northeastern Greenland in light gray (−30◦C),
gray (−40◦C) and black (−50◦C). Polynomial fits of first and third
order are included for visibility. The transient evolution of the sim-
ulation of Fig.5 is shown in green with circles spaced every 1000 yr
and ice initial temperature represented in color brightness as before.
Ice thickness in northeastern Greenland responds rapidly to a reduc-
tion in total ice thickness, while ice in southern Greenland is more
stable.
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melt layers have been found in the bottom section of Dye-
3, which document a warm period with persistent ice dur-
ing the last interglaciation (Dansgaard et al., 1985; Souchez
et al., 1998). This has been confirmed by advanced dating
technic providing direct evidence of ice predating the Eemian
(Willerslev et al., 2007).

Note, however, that the existence of ice at Dye-3 and in
southern Greenland during the last interglacial period does
not preclude a considerable sea- level contribution from
other sectors of the Greenland ice sheet. Unfortunately, there
are no deep ice cores in northeastern Greenland. However,
there are widespread marine deposits in this area from the
last interglacial period, particularly during the period of
peak warmth (∼ 123 ka;Funder, 1989; Mangerud and Fun-
der, 1994; Alley et al., 2010). This indicates that seawater
was present far inland following the penultimate glacial pe-
riod, consistent with our model results. Marine conditions
in northeastern Greenland (Kap Herschell) did not end un-
til late in the last glacial cycle (∼ 43 ka;Houmark-Nielsen
et al., 1994). The long delay for the ice margin to re-advance
to this site suggests that it retreated considerably during the
Eemian. Note, however, that absolute dating on these records
is relatively poor and generally limited to the identification
of a warm period preceding the last glacial cycle.

Eemian ice was also found in the isolated ice cap on
the Renland peninsula in eastern Greenland (Johnsen et al.,
1992). A 20 % increase in precipitation was reconstructed for
the lowest 5 m of ice, as well as numerous melt layers. This
is consistent with our interpretation that ice persisted due to
high accumulation and despite the warmer climate and in-
creased melting.

5 Summary and conclusions

The stability of different regions of the GrIS under Eemian
climate has been investigated using a three-dimensional ice
sheet model, a large ensemble of sensitivity experiments and
detailed analysis of the regional imbalance between accu-
mulation and ablation. The main finding is that the most
vulnerable region in a warm climate, such as the last in-
terglaciation, is northeastern Greenland because its dry cli-
mate with low accumulation can not compensate increased
melting. This general finding is applicable to modern cli-
mate change. A second contributor to a negative mass bal-
ance for the northerm GrIS during the Eemian is the pro-
nounced warming at high latitudes due to a meridional gra-
dient in anomalous summer insolation. Although the phys-
ical mechanisms are different for modern climate change,
enhanced warming at high latitudes (polar amplification) is
a robust feature of climate projections. High volume loss in
northern Greenland has also been found with a scenario of
future climate warming (Stone et al., 2010).

An estimate on the contribution of ice sheets to sea-level
rise is one of the most pressing needs for the assessment of
future climate change (IPCC, 2007). The identification of key
regions is a necessary requirement for which the Eemian, de-
spite a different cause of warming, holds valuable informa-
tion. A comparison of latitudinal sea surface and air temper-
ature gradients based on proxy data from the Eemian with
the projected greenhouse warming for the twenty-first cen-
tury show a striking fit (Clark and Huybers, 2009), suggest-
ing that the Greenland ice sheet might once again experience
a sustained period with temperatures comparable to that of
the last interglaciation, with its potential consequences for
global sea level.

Recent trends in ablation must be interpreted with cau-
tion. Chylek et al.(2006) andWake et al.(2009) show that
negative surface mass balance anomalies in Greenland be-
tween 1995 and 2005 are not unprecedented in the last 140 yr,
thus at least partly representing natural variability.Box et al.
(2009) specify that while the warm period during the 1920s
surpassed the annual average warming between 1994 and
2007, the latter period had warmer winters and a different
regional distribution. The period of the 1920s and 1930s
matches the modern surface mass balance (Fettweis et al.,
2008; Wake et al., 2009) and a recent analysis of aerial im-
agery from the 1930s confirms that glacier retreat at the time
was equally vigorous as in recent years (Bjørk et al., 2012).
A notable difference between the modern and the 1923–
1933 surface mass balance is the northeastern part of the
GrIS, indicating that the recent increase in melting in this re-
gion might be a long-term trend. High current rates of mass
loss in northeastern Greenland are also evident from detailed
mass budget calculations (van den Broeke et al., 2009) and
gravimetry (Chen et al., 2006; Ramillien et al., 2006).

Large melting areas on the southern GrIS and rapid thin-
ning at its margins have raised concerns about the stability of
these regions. However, it is conceivable that these observa-
tions represent the transient adjustment of the fastest reacting
parts of the ice sheet, with highest mass turnover, to a rela-
tively fast change in climate. These might mask slower pro-
cesses that dominate the long-term fate of the GrIS and its
contribution to sea-level rise. This study of the Eemian inter-
glaciation demonstrates that a warmer climate over southern
Greenland does not necessarily entail the disappearance of
the southern dome.
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