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Abstract

The Last Interglaciation (∼130–115 thousand years ago) was a time when the Arc-
tic climate was warmer than today (Anderson et al., 2006; Kaspar et al., 2005) and
sea-level extremely likely at least 6 m higher (Kopp et al., 2009). However, there is
large uncertainty in the relative contributions to this sea-level rise from the Greenland5

and Antarctic ice sheets and smaller icefields (Otto-Bliesner et al., 2006; Huybrechts,
2002; Letréguilly et al., 1991; Ritz et al., 1997; Cuffey and Marshall, 2000; Tarasov and
Peltier, 2003; Lhomme et al., 2005; Greve, 2005; Robinson et al., 2011; Fyke et al.,
2011). By performing an ensemble of 500 coupled climate – ice sheet model simula-
tions, constrained by paleo-data, we determine probabilistically the likely contribution of10

Greenland ice sheet melt to Last Interglacial sea-level rise, taking into account model
uncertainty. Here we show a 90 % probability that Greenland ice melt contributed at
least 0.6 m but less than 10 % probability it exceeded 3.5 m, a value which is lower
than several recent estimates (Cuffey and Marshall, 2000; Tarasov and Peltier, 2003;
Lhomme et al., 2005; Robinson et al., 2011). Our combined modelling and paleo-data15

approach suggests that the Greenland ice sheet is less sensitive to orbital forcing than
previously thought, and implicates Antarctic melt as providing a substantial contribution
to Last Interglacial sea-level rise.

1 Introduction

Past time periods provide important case studies for evaluating the performance of20

Earth system models, since model results can be compared with geological records. In
particular, warm climates of the past are useful as they can also provide an analogue
for possible future warming. The Last Interglaciation (LIG) provides such a case study
as globally averaged sea-level was thought to be several metres higher than today, and
high latitude temperatures warmer. Estimates of maximum sea-level increase, derived25

from sedimentary deposits and coral sequences, typically range from 4 to 6 m (Muhs
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et al., 2002; Rostami et al., 2000). A recent sea-level data synthesis shows that sea-
level was likely up to 8 m higher than today with the highstand extremely likely (95 %
probability) greater than 6 m (Kopp et al., 2009), consistent with less glacial ice on
Earth during the LIG. The likely contributors to the sea-level rise are ice losses from
the Greenland and Antarctic ice sheets along with high latitude Arctic icefields such as5

those in the Canadian Arctic, together with thermal expansion of sea-water.
Further evidence from proxy data located in the Arctic and European regions sug-

gests the LIG climate featured temperatures, at least regionally, several degrees
warmer than today (Anderson et al., 2006; Kaspar et al., 2005). This is supported by cli-
mate model simulations indicating summer Arctic warming was as much as 5 ◦C relative10

to modern, with the greatest warming over Eurasia and in the Baffin Island/Greenland
region (Kaspar et al., 2005; Montoya et al., 2000; Otto-Bliesner et al., 2006). Paleo
pollen, macrofossil and soil records suggest the expansion of boreal forests north-
wards into areas now occupied by tundra in Russia, Siberia and Alaska during peak
LIG warmth (Muhs et al., 2001; Kienast et al., 2008). On Greenland itself, ice core15

measurements from the Summit region indicate ice was present throughout the LIG,
with the surface elevation no more than a few hundred metres lower than present day
based on the total gas content of the ice (Raynaud et al., 1997). Estimates of the
Greenland ice sheet (GrIS) contribution to sea-level rise during the LIG range from 0.4
to 5.5 m based on paleothermometry from ice cores coupled with thermo-dynamical20

ice sheet models (Huybrechts, 2002; Letréguilly et al., 1991; Ritz et al., 1997; Cuffey
and Marshall, 2000; Tarasov and Peltier, 2003; Lhomme et al., 2005; Greve, 2005) and
coupled climate-ice sheet models of varying complexity (Robinson et al., 2011; Fyke
et al., 2011; Otto-Bliesner et al., 2006).

Here we assess the contribution of Greenland ice loss to global sea-level rise, de-25

rived from simulations of the LIG global climate and evolution of the GrIS from 130 to
120 ka using the general circulation model (GCM) HadCM3 coupled to the ice sheet
model Glimmer over the Greenland region using an efficient offline coupling methodol-
ogy to account for ice sheet climate interactions (DeConto and Pollard, 2003).
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2 Model description

2.1 The climate model

The GCM simulations described in this paper are carried out using the UK Met Office
coupled atmosphere-ocean GCM, HadCM3, version 4.5 (Gordon et al., 2000). The at-
mosphere component of HadCM3 is a global grid-point hydrostatic primitive equation5

model, with a horizontal grid-spacing of 2.5◦ (latitude) by 3.75◦ (longitude) (73 by 96
grid points) and 19 levels in the vertical with a time step of 30 min. The performance
of the atmosphere component is described in Pope et al. (2000) where HadAM3 (the
atmosphere only version of the Hadley Centre Model) is run with observed sea sur-
face temperatures. It has been shown to agree well with observations (Pope et al.,10

2000). The land surface scheme (MOSES 2), which includes representation of the
freezing and melting of soil moisture and the formulation of evaporation, incorporates
the dependence of stomatal resistance on temperature, vapour pressure and CO2. In
addition, it treats sub-grid land cover explicitly. Within this land surface scheme ice
sheets are prescribed and are fixed. The radiation scheme is that of Edwards and15

Slingo (1996) with six and eight spectral bands in the shortwave and longwave, re-
spectively. The convective scheme is based on Gregory and Rowntree (1990) with an
additional parameterisation of the direct impact of convection on momentum (Gregory
et al., 1997). The cloud scheme employed is a prognostic one that diagnoses cloud
amount, cloud ice and cloud water based on the total moisture and the liquid water20

potential temperature. The orography of Greenland is particularly important when con-
sidering the deglaciation and reglaciation of the GrIS since previous work has shown
it can have profound effects on atmospheric circulation patterns if the ice sheet were
removed (Petersen et al., 2004; Junge et al., 2005) since orographic gravity waves rep-
resent a major sink of momentum flux in the atmosphere. In order to include the effect25

of orographic forcing on atmospheric circulation, HadCM3 also includes a parameteri-
sation of orographic drag (Milton and Wilson, 1996) and a gravity wave drag scheme in
order to represent the mechanisms of sub-grid scale orographic forcing in stable and
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turbulent atmospheric flow. The scheme includes anisotropy of orography, high drag
states and flow blocking as well as trapped lee waves (Gregory et al., 1998).

The resolution of the ocean model is 1.25◦ by 1.25◦ with 20 levels in the vertical. The
ocean model uses the mixing scheme of Gent and McWilliams (1990) with no explicit
horizontal tracer diffusion. The horizontal resolution allows the use of a smaller coef-5

ficient of horizontal momentum viscosity leading to an improved simulation of ocean
velocities. The sea-ice model uses a simple thermodynamic scheme and contains pa-
rameterisations of ice concentration (Hibler, 1979) and ice drift and leads (Cattle and
Crossley, 1995). Surface temperatures and fluxes over the sea-ice and leads fractions
of gridboxes are calculated separately in the atmosphere component of HadCM3. The10

surface albedo of sea-ice is 0.8 at temperatures less than −10 ◦C and decreases lin-
early to 0.5 between −10 and 0 ◦C. This is to account for the aging of snow, formation
of melt ponds and the relatively low albedo of bare ice. In simulations of the present-
day climate, the model has been shown to simulate sea surface temperatures in good
agreement with modern observations, without the need for flux corrections (Gregory15

and Mitchell, 1997).

2.2 The ice sheet model

We also use the three dimensional thermomechanical ice sheet model Glimmer ver-
sion 1.0.4 (Rutt et al., 2009). The core of the model is based on the ice sheet model
described by Payne (1999). The ice dynamics are represented with the widely-used20

shallow-ice approximation, and a full three-dimensional thermodynamic model is used
to determine the ice flow law parameter. The model is formulated on a Cartesian grid,
and takes as input the surface mass-balance and air temperature at each time step. In
the present work, the ice dynamics time step is one year. The surface mass-balance
is simulated using the positive degree day (PDD) approach described by Reeh (1991).25

The basis of the PDD method is the assumption that the melt that takes place at the
surface of the ice sheet is proportional to the time-integrated temperature above freez-
ing point, known as the positive degree day. The method described by Reeh (1991)

2735

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/2731/2012/cpd-8-2731-2012-print.pdf
http://www.clim-past-discuss.net/8/2731/2012/cpd-8-2731-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 2731–2776, 2012

Greenland ice sheet
Last Interglacial

sea-level contribution

E. J. Stone 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
|

and implemented here is somewhat more sophisticated, in that two PDD factors are
used, one each for snow and ice, to take account of the different albedos and den-
sities of these materials. The use of PDD mass-balance models is well-established
in coupled atmosphere-ice sheet paleoclimate modelling studies (DeConto and Pol-
lard, 2003; Lunt et al., 2008, 2009). Glimmer also includes a representation of the5

isostatic response of the lithosphere, which is assumed to behave elastically, based
on the model of Lambeck and Nakiboglu (1980). The forcing data from HadCM3 are
transformed onto the ice model grid using bilinear interpolation, which ensures that
precipitation is conserved in the atmosphere-ice sheet coupling. In the case of the sur-
face air temperature field, a vertical lapse-rate correction is used to take account of10

the difference between the high-resolution topography seen within Glimmer, and that
represented within HadCM3. The use of a lapse-rate correction to better represent
the local temperature is established in previous work (Pollard and Thompson, 1997;
Vizcaı́no et al., 2008).

For the baseline climate to which the GCM temperature and precipitation anomalies15

are applied we use those described in Stone et al. (2010). The temperature clima-
tology are derived from ERA-40 observations (Hanna et al., 2005) and precipitation
also from ERA-40 reanalysis (Uppala et al., 2005). The Glimmer ice sheet model uses
a single value for the lapse-rate correction which is a tuneable parameter. We use the
Greenland bedrock topography of Bamber et al. (2001) on a 20 km resolution grid.20

Several parameters in large-scale ice sheet modelling are still poorly constrained,
resulting in highly variable ice sheet volume and extent depending on the values pre-
scribed in the model (Ritz et al., 1997). Previous work (Stone et al., 2010) investigated
the sensitivity of ice sheet evolution for the modern GrIS to five tuneable parameters
which affect the ice sheet dynamics and surface mass balance. These are the PDD fac-25

tors for ice and snow, near-surface lapse rate, flow enhancing factor and the geother-
mal heat flux (see Table 1). Here we generate an ensemble of 500 simulations using
the method of Latin Hypercube Sampling (LHS) in order to efficiently sample the five
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dimensional parameter space. This is illustrated in Fig. 1. For more details refer to
Stone et al. (2010).

3 Experimental design and coupling methodology

GCM simulations representing 130, 125 and 120 ka are forced with insolation anoma-
lies resulting from changes in the Earth’s orbital parameters for the early to mid part5

of the LIG. Compared with pre-industrial, larger eccentricity and obliquity and North-
ern Hemisphere summer (as opposed to winter) occurring at perihelion (see Table 2),
results in greater seasonality, leading to pronounced high northern latitude summer
insolation, consistent with warming observed in the geological record (Anderson et al.,
2006; Andersen et al., 2004; Kaspar et al., 2005) (see Fig. 2). This seasonal variation in10

insolation is important because ice sheet surface mass balance is particularly sensitive
to summer warming.

The three LIG snapshot time-slices are run for 100 model years (70 yr spin-up and
30 yr for averaging) with the following Greenland boundary conditions:

1. Modern day GrIS present15

2. Partial GrIS present derived from a tuned ice model experiment forced with
a 560 ppmv climate (Stone et al., 2010)

3. No GrIS present

This gives a range of climate between which the “expected” climate over a partially
melted GrIS during the LIG might lie. One caveat of these climate simulations concerns20

the use of an isostatic equilibrium for the orography in the ice-free state. Obviously, if
there was a substantial ice sheet present before the start of the LIG, as inferred from the
eustatic sea-level curve (Siddall et al., 2007), there would likely have been insufficient
time for all the ice to melt, the bedrock to rebound fully and soil to develop on the bare
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rock surface. However, this provides the most contrasting climate scenario to a fully
glaciated Greenland being present throughout the LIG (which is also unlikely).

For the LIG the changed forcings from present day are: the modified trace gas con-
centrations and the seasonal and latitudinal insolation changes at the top of the atmo-
sphere associated with the Milankovitch orbital forcing (Milankovitch, 1941) consistent5

with the perturbed forcings in the standard PMIP LIG simulations. Figure 2a shows the
variation in insolation from 140 to 110 ka for the spring and summer months at three
latitudes over Greenland: 65◦ N, 74◦ N and 80◦ N. Insolation anomalies over Green-
land relative to present day (Fig. 2b) are at a maximum at ∼130 ka for May and June
and decrease toward 120 ka. Smaller anomalies for July and August peak from ∼12010

to 125 ka. Orbital parameters are taken from Berger and Loutre (1991) for the three
time snapshots at 130, 125 and 120 ka. Table 2 shows the obliquity, eccentricity and
perihelion for these three scenarios. A further HadCM3 experiment at 136 ka is also
included in order to spin-up the ice sheet model sufficiently but differs slightly by includ-
ing a MOSES 1 land surface scheme (Cox et al., 1999). This simulation is run for 50015

model years with an averaging time of 30 yr.
An additional simulation, the pre-industrial control, includes trace gas concentrations

(280 ppmv for CO2, 760 ppbv for CH4 and 270 ppbv for N2O) and orbital parameters
(obliquity 23.45◦, perihelion 2.6 (day of the year) and eccentricity 0.01724) appropriate
for 1850 AD.20

Also shown in Fig. 2 is the atmospheric CO2 concentration, reconstructed from ice
cores, from 140 to 110 ka based on Luthi et al. (2008). All CO2 values are on the
EDC3 gas age scale (Loulergue et al., 2007). There is a sharp rise in CO2 concen-
tration between 140 ka and 130 ka from ∼200 to 260 ppmv. Thereafter, this trace gas
concentration stabilises between 260 and 290 ppmv. Since the greenhouse gases do25

not markedly vary from pre-industrial during the LIG (Luthi et al., 2008) and it has
been shown that climate perturbations were predominantly orbitally driven at this time
(Slowey et al., 1996; Loutre et al., 2007; Yin and Berger, 2012), gas concentrations are
held constant and unchanged from the values used in the pre-industrial simulations.

2738

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/2731/2012/cpd-8-2731-2012-print.pdf
http://www.clim-past-discuss.net/8/2731/2012/cpd-8-2731-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 2731–2776, 2012

Greenland ice sheet
Last Interglacial

sea-level contribution

E. J. Stone 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
|

In this way any changes in LIG climate from the pre-industrial are due to changes
in the orbital parameters of the Earth. CO2 is, therefore, held constant at 280 ppmv
for all experiments performed using HadCM3 between 130 and 120 ka. All other trace
gases are equivalent to pre-industrial values. The exception is for the simulation at
136 ka where CO2, methane (CH4) and nitrous oxide (N2O) are lower compared with5

pre-industrial at 200 ppmv, 413 ppbv and 229 ppbv, respectively. This is because differ-
ences in the trace gases compared with pre-industrial are the driving mechanism for
this earlier perturbed climate rather than changes in the orbital parameters compared
with pre-industrial (see Fig. 2b where summer high latitude insolation anomalies are
small at 136 ka).10

Outside of Greenland, global vegetation coverage is prescribed at present-day dis-
tributions. The simulations where the GrIS is removed/partially melted are prescribed
bare soil coverage in place of Greenland ice while the simulations with a full GrIS in-
cluded use the present-day ice sheet mask with bare soil in ice-free regions. For the LIG
simulations with the ice sheet removed, the bedrock is rebounded and in isostatic equi-15

librium. Likewise, the simulations with the GrIS included use modern day topography
and those with a partial ice sheet use their associated topography. Finally, the land-
sea mask remains unchanged from modern since there were no significant tectonic
changes to the continents between 130 ka and present and the estimated sea-level
change would result in negligible land-sea mask changes.20

All GCM simulations were continued from pre-industrial simulations of 100 model
years with the appropriated bedrock and ice coverage. Figure 3 shows the average
temperature evolution over Greenland (one of the inputs into the Glimmer ice sheet
model) including this pre-industrial spin-up. A 10-yr running average (red) and 10-yr
mean trend (blue) are shown and indicate sufficient spin-up of the model near-surface25

temperature in response to the changed orbits. They show that compared with inter-
annual variability the simulations are close to equilibrium.

It is not known exactly how big the GrIS was at 130 ka (or at any other point during
the LIG), although sea-level was similar to present day (Siddall et al., 2007; Kopp et al.,
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2009) implying a substantial amount of ice must have been present at high northern
and southern latitudes. Since it is not practically possible to spin-up an ensemble of
coupled HadCM3 ice sheet model configurations for several glacial-interglacial cycles,
an approach is used that assumes the ice sheet is in equilibrium at the start of the
transient ice sheet model simulations. In order that changes in the ice sheet response5

to climate at 130 ka are not a result of inadequate spin-up of the ice sheet model, sim-
ulations begin at 136 ka when the climate was substantially colder. As a result, the
ice sheet model is initiated with an ice sheet in equilibrium with the 136 ka climate.
The ice sheet model is spun-up for 50 000 yr in anomaly mode using the 136 ka clima-
tology. This method requires GCM monthly mean changes in precipitation and near-10

surface temperature (defined relative to a pre-industrial climate) to be superimposed
onto a present day reference climatology used by the surface mass balance model in
Glimmer. Anomaly coupling is used to reduce climate model bias both for precipitation
and temperature which affects the ice sheet model output, as in previous studies (Lunt
et al., 2008, 2009).15

In order to assess the sensitivity of ice sheet model results to the climate model
used we compared offline forcing of the ice sheet model with two different 125 ka model
climatologies (HadCM3 used here and the CCSM3 model). This comparison showed
that, compared with the sensitivity to internal parameters (given in Table 1 and outlined
in Stone et al., 2010), the GrIS evolution is insensitive to the climate model used.20

Computationally, it is not yet feasible to run HadCM3 fully coupled (two-way) with
Glimmer for the timescales of thousands of years, such as through the LIG. A method-
ology is developed based on that of Deconto and Pollard (2003) in order to account
for a transient climate which evolves as the ice sheet volume evolves, whilst minimis-
ing computational expense. It takes into account a changing climate as a result of the25

change in ice sheet geometry by including the elevation-temperature feedback and an
approximation to the albedo feedback. A total of 16 000 yr are modelled, representing
the time period from 136 to 120 ka. Figure 4 shows a diagram of the coupling pro-
cess, which is outlined in detail below. The monthly average climate, CL (t), is linearly
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interpolated along the time-axis from 136 to 130 ka where the notation clstate of Greenland
year

is used (i.e. state of Greenland in HadCM3 is either ice covered: ice, partial ice: pice or
ice-free: 0),

CL (t) =
clice

130 − clice
136

t1
t+ clice

136. (1)

The interpolation is between the 136 ka climate, clice
136, and the 130 ka climate, clice

130,5

where t1 is 6000 model years. Glimmer is initiated with the equilibrated ice sheet ge-
ometry which was obtained by forcing Glimmer offline with the constant 136 ka climate.
At 130 ka the climate is allowed to evolve each year between the three climate scenar-
ios (with a GrIS, a partial GrIS and without a GrIS) according to a weighting function
defined by the ratio of the ice volume (vol (t)) at time t and the ice volume predicted10

at 130 ka (vol (130)) by the ice sheet model. Between 130 and 125 ka the following lin-
ear interpolations are performed (represented by the solid blue, orange and red arrows
respectively in Fig. 4) similar to Eq. (1)

clice (t) =
clice

125 − clice
130

t2
t+ clice

130, (2)

clpice (t) =
clpice

125 − clpice
130

t2
t+ clpice

130 , (3)15

and

cl0 (t) =
cl0125 − cl0130

t2
t+ cl0130, (4)

where clice
125 is the 125 ka climate with the GrIS present, clpice

125 and clpice
130 are the 125 and

130 ka climates respectively with a partial GrIS, cl0125 and cl0130 are the 125 and 130 ka20
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climates respectively with the GrIS removed and t2 is 5000 yr. Likewise, similar linear
interpolations are also performed from 125 to 120 ka.

If the ice volume, vol (t), is greater than the partial ice volume (defined as: volpice =
0.46volice (130)), then the climate, CL (t), at each year is now also weighted either
towards the climate with a partial GrIS, clpice (t), or the GrIS climate,clice (t), according5

to

CL (t) =

(
vol (t)− volice (130)

volice (130)− volpice (130)

)(
clice (t)− clpice (t)

)
+ clice (t) . (5)

Alternatively, if the ice volume is less than the partial ice volume then the climate, CL (t),
at each year is weighted either towards the climate with no GrIS, cl0 (t), or the partial
GrIS climate,clpice (t), according to10

CL (t) =
vol (t)

vol (130)

(
clpice (t)− cl0 (t)

)
+ cl0 (t) . (6)

4 The modelled climate of the Last Interglaciation

The GCM simulated annual average global temperature anomaly at 130 ka is only
0.13 ◦C relative to pre-industrial, consistent with the small mean annual forcing as-
sociated with the orbital configuration for the LIG. However, the seasonal temperature15

anomaly is −1.6 ◦C and 2.0 ◦C in the Northern Hemisphere for winter/summer, respec-
tively. Figure 5 shows a comparison of the LIG simulated Northern Hemisphere max-
imum summer warming with reconstructed terrestrial temperature anomalies derived
from ice cores, pollen and macrofossils (Anderson et al., 2006; Kaspar et al., 2005).
Overall, the agreement is very good (see also Table 3). However, during the summer20

months the maximum LIG average temperature anomaly over Greenland is 3.5 ◦C,
cooler than values inferred (4 to 5 ◦C) from the temperature reconstruction over this re-
gion (Anderson et al., 2006). This implies that the GrIS during the LIG was likely smaller
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than today and represents a minimum temperature anomaly estimate. Simulated LIG
warmth in Greenland is sustained under a 130 and 125 ka climate but with significant
cooling by 120 ka consistent with the change in summer insolation distribution (see
Fig. 2). These changes are amplified by sea-ice feedbacks discussed below. However,
comparisons with proxy estimates of temperature at the location of the NGRIP ice core5

show a simulated summer temperature of 4.2 ◦C±1.1 ◦C, and an annual precipitation
weighted temperature of 3.3 ◦C, lower than the 5 ◦C estimate obtained from the ice core
oxygen isotope record (Andersen et al., 2004). Over much of the Greenland region pre-
dicted annual precipitation rate changes throughout the LIG are small.

Since the ice sheet climate coupling requires a set of GCM simulations where the10

GrIS is removed and replaced with bare soil we can assess the climate of the ex-
treme scenario of an ice-free Greenland under LIG climate conditions. At the location
of the NGRIP ice core, simulated maximum annual precipitation weighted temperature
anomalies relative to pre-industrial are in excess of 20 ◦C and the average maximum
summer Greenland anomaly ranges from 14 to 16 ◦C for the time period 125 to 130 ka.15

These values are clearly greater than the annual proxy paleo-data estimate of 5 ◦C
(Anderson et al., 2006), which supports the ice core evidence that the GrIS did not
completely disappear during the LIG (Andersen et al., 2004).

The increased insolation relative to pre-industrial during the early part of the LIG re-
sults in spring/summer melting of Arctic sea-ice with reduced concentrations compared20

with pre-industrial throughout the summer months. At 130 ka sea-ice concentration is
reduced by up to 40 % compared with the pre-industrial in the central part of the Arctic
Ocean, similar to results from Otto-Bliesner et al. (2006). This reduction of summer
sea-ice around the margins of Greenland results in a positive sea-ice-albedo feedback
and contributes to the observed warming in this region, particularly in the Labrador25

Sea. At 125 ka there is still a reduction in sea-ice in the Arctic compared with the pre-
industrial but only up to 20 % over the majority of the region. By 120 ka the summer
sea-ice concentration is similar if not greater than the pre-industrial with over 50 %
sea-ice present again in the vicinity of the Labrador Sea. This increase in sea-ice is
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attributed to the cooler climate as a result of reduced summer insolation forcings to-
ward the termination of the LIG. Although this reduction in average sea-ice over the
Arctic Ocean implies a significant temperature difference relative to pre-industrial, the
inter-annual variability over the averaging period of the simulations ranges from ∼0 to
+1 ◦C and, therefore, results in the regional temperature differences being statistically5

insignificant (see Fig. 5).

5 GrIS contribution to the Last Interglacial highstand

In order to estimate the contribution of the GrIS to LIG sea-level change we drive
500 realisations of an ice sheet model with the GCM-predicted evolving climate from
136 to 120 ka. Consequently, ice sheet geometry is predicted throughout the LIG and10

compared with reconstructed ice-surface extent data as implied from various ice cores
on Greenland. The impact of ice sheet model parametric uncertainty (Stone et al.,
2010) on the evolution of the GrIS through the LIG is used to derive a probability density
function of the Greenland contribution to LIG sea-level rise contingent on our modelling
choices. This also takes into account the mismatch between present day observed and15

modelled ice sheets, most likely due to missing higher order physical ice dynamics and
the inclusion of a parameterised surface mass balance scheme.

Figure 6a shows the evolution of absolute ice volume throughout the 16 000 yr ice
sheet simulations. All 500 ice sheet model simulations show contraction of the ice sheet
in response to peak LIG warming. It is possible to reject a number of the GrIS LHS20

experiments using proxy paleo data from the LIG. It has been shown that at the Summit
(Raynaud et al., 1997) and NGRIP (Andersen et al., 2004) ice cores on Greenland, ice
very likely persisted throughout most of the LIG at these locations. The Dye-3, Camp
Century and Renland ice cores are not, however, used to reject/accept simulations, as
the evidence for the presence of ice there is more equivocal. In addition, simulations25

which make a negative contribution to sea-level change are also rejected. As a result
a subset of 73 simulations are selected according to this evidence from the ice core
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data; that is simulations where ice is absent at the NGRIP and Summit ice cores are
rejected. The selected simulations are shown in Fig. 6b, including a representation of
their ability to reproduce the modern day GrIS according to a skill-score (for a given set
of input parameters θ) given by

s (θ) = − 1
2n

n∑
i=1

(xi − fi (θ))2

σ2 + τ2
, (7)5

where n is the number of grid-points, xi is observational ice thickness at each grid-point
i , fi (θ) is the experimental ice thickness at each grid-point for each ensemble member,
σ is the ice thickness Root Mean Squared Error (RMSE) of the median parameter
set experiment in terms of the LHS shown in Fig. 1 and τ2 is the observational error
variance at each grid-point. The observational error is assumed to be constant across10

all grid-points. This skill-score for modern ice thickness measures the spatial fit over the
model domain assuming the differences between model and observation at each grid-
point location are independent and normally distributed. We calculate the differences
with respect to the digital elevation model derived by Bamber et al. (2001), interpolated
to a 20 km resolution.15

The ice sheet retreats in all selected cases compared with the pre-industrial, in re-
sponse to the orbitally induced warming, with minimum ice sheet volume reached be-
tween 125 ka and 120.5 ka. All simulations show recovery towards the end of the LIG
in response to the reduction in summer insolation. This is also shown by the average
temperature anomaly over the Greenland region which peaks at around 2 to 5 ◦C for20

the selected members of the ensemble (see Fig. 7). Maximum GrIS contribution to
LIG sea-level rise ranges between 0.4 and 3.8 m (Fig. 6c). None of the accepted sim-
ulations show an absence of ice in the vicinity of the Dye-3 ice core in accordance
with some evidence that ice persisted through the LIG at this location (Andersen et al.,
2004; Willerslev et al., 2007). However, there is large uncertainty in the dating of basal25

ice at this location (Willerslev et al., 2007) which is why it is not appropriate to use
this data as a direct constraint on GrIS extent. Figure 8 shows the GrIS geometries
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for parameter sets resulting in the maximum, minimum and most likely (according to
the skill-score) contribution to LIG sea-level change. Also shown is the respective en-
semble member modern day GrIS geometry (Fig. 8d–f). The most likely extent of the
GrIS shows retreat from the northern margins but ice is still present over Central and
Southern Greenland (Fig. 8b). This contrasts with several previous studies (Cuffey and5

Marshall, 2000; Tarasov and Peltier, 2003; Lhomme et al., 2005; Otto-Bliesner et al.,
2006) where ice sheet retreat is sensitive in the south but not the north. However, this
sensitivity of the northern margin agrees with other recent GrIS simulations (Fyke et al.,
2011; Greve et al., 2011; Born and Nisancioglu, 2011; Quiquet, 2012). An isolated cap
remains in the vicinity of the Camp Century and Renland ice core locations for all10

simulations where ice also persists in the Summit region, in agreement with evidence
suggesting ice also persisted here (Johnsen et al., 2001). The drawdown of the ice
surface at the Summit core location in Fig. 8a, b is ∼450 m and ∼60 m, respectively,
consistent with ice core data (Raynaud et al., 1997). In contrast, Fig. 8c shows little
change from the modern day ice sheet extent with an increase of ∼50 m at the location15

of Summit.

5.1 Probabilisitc assessment of GrIS contribution to the LIG highstand

It is possible to derive a probabilistic assessment of GrIS contribution to LIG sea-level
rise by considering the LIG paleo-evidence of the GrIS geometry, uncertainty in ice
sheet model parameterisation and the ability of the ice sheet model to reproduce the20

modern day ice sheet. In this section we outline our probabilistic method followed by
an assessment of the likely contribution of the GrIS to LIG sea-level rise including
a sensitivity analysis to the method used.

5.1.1 Probabilistic method

From Bayes’ Theorem for a continuous distribution:25

P
[
θ |Y
]
∝ P [θ]P

[
Y |θ
]
, (8)
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the posterior probability distribution (P [θ|Y ]) is proportional to the prior probability dis-
tribution (P [θ]) multiplied by the likelihood function (P [Y |θ]). The likelihood function,
P [Y |θ], is calculated for each member of the ensemble from the skill-score given in
Eq. (7).

P
[
Y |θ
]
= A ·es(θ) · l (θ) , (9)5

where A is a normalising constant such that the
∑

P
[
Y |θ
]
= 1 and the logistic function,

l (θ) accounts for the uncertainty as to where the simulated ice sheet margin lies relative
to the ice core locations at the resolution of the ice sheet model domain

l (θ) =
1
2

[
1− tanh

(
Y (θ)− Ymax

2lw

)]
. (10)

Y (θ) is the maximum sea-level change for each member of the ensemble, Ymax is the10

maximum contribution to LIG sea-level rise from the accepted simulations (in this case
3.8 m) and lw is the logistic width.

The prior probability distribution, P [θ], weights each ensemble member according
to its parameter set probability. The most basic is that each parameter is uniformly
distributed such that each ensemble member is equally weighted. However, according15

to Stone et al. (2010) the parameter sets can reasonably be weighted as Gaussian
2-sigma ranges such that the extreme parameter choices are penalised. Hence, we
model the prior probability distribution as a multivariate Gaussian distribution

P [θ] =
1

(2π)
5
2 ·2 ·

∏5
j=1σj

×exp

−1
2

5∑
j=1

(
θj −µj

2σj

)2
 , (11)

where θj is the value of each parameter j , σj is the standard deviation for each pa-20

rameter and µj is the mean for each parameter range (see Table 1). A comparison
of the derived probability density function between Gaussian and uniform prior prob-
ability distributions indicates the choice of prior probability distribution does not have
a notable affect on the outcome of the overall probability density function.
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Subsequently, the posterior probability distribution of the ensemble and the associ-
ated maximum LIG sea-level contribution are used to construct a probability density
function using a Kernel density estimator (Wand and Jones, 1995; Bowman and Az-
zalini, 1997). A probability density function is a function that describes the relative
likelihood of a variable (in this case maximum sea-level change) to take on a particular5

given value. The probability for the variable to fall within a particular region is given by
the integral of this variable’s density over the region. This integral must add up to one.
A Kernel estimator is a non-parametric way of estimating the probability density func-
tion of a particular variable and is closely related to a histogram. Unlike a histogram,
a smooth Kernel function rather than a discrete box is used and each of these is cen-10

tred directly over each model output in order to remove the dependence of end points
of bins which occurs using a histogram method (Wand and Jones, 1995). In this way
the Kernel estimator smoothes out the contribution of each observed data point over
a local neighbourhood to that data point. The Kernel density estimator at any point Y ,
ĝ (Y ), is of the form15

ĝ (Y ) =
1
n

n∑
i=1

K
(
Y − Yi

h

)
, (12)

where n is the number of ensemble members, K is a function satisfying
∫
K (Y )dY =

1, the Kernel, whose variance is controlled by the parameter, h (usually known as
the window width or smoothing parameter). K is chosen to be a unimodal probability
density function that is symmetric about zero. In this case we implement a normal20

density function
(
K (Y ) = 1√

2π
e− 1

2Y
2)

.

The choice of h is important since structure in the data can be lost by over-smoothing.
Scott (1992) shows that the reference rule bandwidth with a normal Kernel is

h =
(
4/3
)1/5 σ̂n−1/5 ≈ 1.06σ̂n−1/5, (13)

where σ̂ is the sample standard deviation for maximum LIG sea level and n is the25

sample number. Alternatively, we can choose a Kernel width based on the modern ice
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sheet volume ensemble distribution. Figure 9 shows Kernel widths that result in the
measured ice volume lying 1, 1.5 and 2 standard deviations away from the mean of the
ensemble. In this way the smoothing parameter accounts for the additional uncertainty
in the ice sheet model resulting in overestimation of the modern day GrIS volume (see
Fig. 6a).5

5.1.2 Results and sensitiviities

From the ensemble of 500 simulations we have derived a probabilistic assessment
of the likely contribution from the GrIS to LIG sea-level change (Fig. 10) with the un-
certainty in the ice model parameter distributions, modern day GrIS observations and
the location of the paleo-data constraints taken into account. Although the maximum10

contribution from all the selected simulations is 3.8 m, Fig. 10a shows the most likely
maximum GrIS contribution to LIG sea-level change is 1.5 m with a 90 % probability
that the maximum contribution falls between 0.3 and 3.6 m. Figure 11 shows the pre-
dicted ice extent that results in a sea-level contribution of 1.5 m for the LIG (Fig. 11b)
derived from this probability density function. This shows a similar pattern of retreat15

from the north and south-west as the ensemble member with the highest skill-score.
We further show that the maximum contribution range varies from a maximum of 0.2
to 4.7 m to a minimum between 0.5 to 2.4 m depending on the parameters chosen in
the formulation of the density function which takes into account ice sheet model uncer-
tainty. There is a 90 % probability of the GrIS contribution exceeding 0.6 m during the20

LIG and a 67 % probability of exceeding 1.3 m. However, it is unlikely (<33 % probabil-
ity) the contribution exceeded 2.2 m and very unlikely (<10 %) that it exceeded 3.2 m
(Fig. 10b). Compared with estimates of the LIG sea-level highstand (Muhs et al., 2002;
Rostami et al., 2000; Kopp et al., 2009) exceeding 4 m, we find that sources other
than the GrIS are required to account for this high sea-level, such as the West Antarc-25

tic ice sheet (Scherer et al., 1998; Huybrechts, 2002) and/or the Canadian icefields
(Otto-Bliesner et al., 2006).

2749

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/2731/2012/cpd-8-2731-2012-print.pdf
http://www.clim-past-discuss.net/8/2731/2012/cpd-8-2731-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 2731–2776, 2012

Greenland ice sheet
Last Interglacial

sea-level contribution

E. J. Stone 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
|

In order to assess the sensitivity of our probability density function to various un-
certainties in its construction we first examined the effect of varying the Kernel width.
Figure 12 shows the case where the Kernel width is applied to the LIG for the op-
timal width (0.40 m according to Eq. 13), and the modern day observation lying one
(h = 1.50 m) and two (h = 0.75 m) standard deviations away from the modern modelled5

ensemble mean. Although the peak of the probability density function does not change,
the upper tail is sensitive to the Kernel width with a very likely sea-level contribution
exceedance ranging between 3.1 and 4.1 m. The case with the optimal Kernel width
assumes the anomaly in ice volume between the LIG and present day being biased in
a consistent way. The alternative extreme scenario is the case where the uncertainty10

in the anomaly is equivalent to the model error such that the modern day ensemble
lies only one standard deviation away from the observation (h = 1.50 m). We choose
a Kernel width of half this width, 0.75 m, as our most plausible case, described above
and shown in Fig. 10.

In order to further address the sensitivity of the probability density function to un-15

certainty we also varied σ (Fig. 13a), the observational error on modern day ice thick-
ness (τ) (Fig. 13b) (both given as input in Eq. 7) and the width of the logistic function
(Fig. 13c). Figure 13a shows when σ is equal to zero, the peak of the probability density
function coincides closely with the simulation with the highest skill-score. The spread
shown is a result of the Kernel smoothing method used. When all simulations have20

equal skill (no weighting) the probability density function shows a similar response to
when σ is equal to the RMSE of the median experiment. The vertical accuracy of ob-
servational ice thickness is between 10 and 100 m (Bamber et al., 2001; Layberry and
Bamber, 2001) while Bogorodskiy (1985) reports that a typical radar-sounding survey
has an inherent uncertainty of about 15 m for ice depth measurements. Figure 13b25

shows that the observation error between 10 and 100 m makes no noticeable change
to the overall probability density function. Therefore, we use a value of 15 m. Figure 13c
shows that the choice of the logistic width parameter does show some sensitivity for the
upper tail of the probability density function. In this case a value of 0.2 m is selected.

2750

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/2731/2012/cpd-8-2731-2012-print.pdf
http://www.clim-past-discuss.net/8/2731/2012/cpd-8-2731-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 2731–2776, 2012

Greenland ice sheet
Last Interglacial

sea-level contribution

E. J. Stone 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
|

We also performed an ensemble of simulations where only two modelled climates
(with and without the GrIS) were used in the coupling method illustrated in Fig. 4. We
found that although this increased the number of accepted simulations it did not result
in a notable difference in the overall structure of the probabilistic distribution of GrIS
contribution to LIG sea-level.5

Finally, if the recent NEEM ice core drilling project reveals that ice persisted through-
out the LIG at this location, then the GrIS contribution to LIG sea-level rise can be
constrained further (61 accepted simulations compared with 73 when NEEM is not in-
cluded) with values very likely (>90 % probability) greater than 0.5 m but very unlikely
(<10 % probability) greater than 2.8 m (see Fig. 14).10

6 Discussion and conclusions

There are several caveats that should be discussed in the context of this study. Firstly,
the uncertainty in dating basal ice limits to an extent the usefulness of this binary crite-
rion. With the advent of new improved ice cores in the future (such as NEEM) it may be
possible to preferentially weight the skill toward these improved ice cores. In the future15

other aspects of the new ice-cores could also be used for model evaluation, e.g. down-
core temperature profiles. However, uncertainties associated with these observations
are currently quite large.

Secondly, these results, of course, are somewhat limited by the absence of climate
model uncertainty. We use only one model where we linearly interpolate between three20

possible extreme LIG climate states. It is difficult to estimate the uncertainty in the LIG
climate since there is only limited data for this time. Future work could assess the
impact of structural climate model error on LIG sea-level change as part of the paleo
model inter-comparison project 3 (PMIP3).

Thirdly, recent work (van de Berg et al., 2011; Robinson et al., 2011) has shown25

that temperature-melt relationships are dependent on insolation and as such the PDD
method for predicting surface mass balance change during the LIG may not be suitable
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due to its different insolation forcing compared with today. However, although the mass
balance scheme used in this study does not take into account directly the radiative
forcing, it does indirectly because the GCM sees the full insolation change, which then
modifies the seasonality of the surface temperature which drives the PDD scheme.

Fourthly, and perhaps most critically, the majority of the ensemble have an asso-5

ciated modern ice sheet which is too large (Fig. 6a, b), a feature of many ice sheet
models (Ridley et al., 2005; Ritz et al., 1997; Robinson et al., 2011). This is partly
due to additional ice at the margins not captured in the ice surface extent observation
(Bamber et al., 2001) which includes only the contiguous ice sheet. In common with
many other studies (Robinson et al., 2011; Lhomme et al., 2005), we assume that the10

predicted LIG volume anomaly with respect to the predicted modern is more robust.
This is because the overestimation of volume, which is thought to result from the lack
of higher-order terms in the ice-flow equations, is likely to affect both modern and LIG
ice sheets in a consistent manner. In order, to account for potential bias, however, we
choose a plausible probability density function that takes into account this uncertainty.15

The skill-score used to generate the probability density function (Eq. 7) does also en-
sure that the simulations which have the best representation of the modern ice sheet
contribute most to the probability density function.

Our climate model, when forced with LIG insolation anomalies, shows good agree-
ment with maximum summer warmth from LIG proxy temperature estimates in the20

Arctic region. We show that the GrIS contribution to LIG sea-level change, consistent
with ice core data, is between 0.4 m and 3.8 m. However, it is very likely that the GrIS
contributed between 0.3 and 3.6 m to LIG sea-level rise, lower than the range of previ-
ous recent estimates, of 2.7 to 4.5 m (Tarasov and Peltier, 2003; Robinson et al., 2011;
Cuffey and Marshall, 2000). Our estimate is more reliable because it derives from a full25

probabilistic analysis, taking into account ice sheet model and data uncertainties. We
also show that ice persists throughout the LIG at the Dye-3 ice core for all accepted
simulations consistent with the suggestion that ice at the base of Dye-3 may predate

2752

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/2731/2012/cpd-8-2731-2012-print.pdf
http://www.clim-past-discuss.net/8/2731/2012/cpd-8-2731-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 2731–2776, 2012

Greenland ice sheet
Last Interglacial

sea-level contribution

E. J. Stone 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
|

the beginning of the LIG (Willerslev et al., 2007; Colville et al., 2011) although dating
of basal ice at this location is equivocal (Willerslev et al., 2007).

In conclusion, this study emphasises the importance of including ice sheet model
parametric uncertainty and paleo-data as well as modern observations, in the con-
text of a probabilistic assessment when evaluating the impact of the Arctic on climate5

change.
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Table 1. List of five parameters varied according to ranges determined in the literature (Stone
et al., 2010). Also included are the mean and standard deviation for each parameter used in
Eq. (11).

Parameter Range Mean (µ) Standard deviation (σ)

Positive degree day 3.0 to 5.0 4.0 ±1.2
factor for snow, αs

(mm d−1 ◦C−1)
Positive degree day 8.0 to 20.0 14.0 ±6.9
factor for ice, αi

(mm d−1 ◦C−1)
Enhancement 1.0 to 5.0 3.0 ±2.3
flow factor, f
Geothermal −61.0 to −38.0 −49.5 ±13.3
heat flux, G
(mW m−2)
Near surface lapse −8.2 to −4.0 −6.1 ±2.4
rate, LG (◦C km−1)
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Table 2. The orbital parameters (from Milankovitch theory) for four time snapshots between
140 and 120 ka (Berger and Loutre, 1991). Also shown for comparison are the parameters for
pre-industrial.

Time (ka) Obliquity (◦) Eccentricity Perihelion (day of year)

136 23.97 0.0367 35.1
130 24.25 0.0401 121.8
125 23.82 0.0423 200.0
120 23.04 0.0436 287.6

0 23.45 0.0172 2.6
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Table 3. Comparison of LIG temperature anomalies (in ◦C) derived from paleo-proxy recon-
structions (Anderson et al., 2006) with the simulated maximum LIG summer temperature
anomalies from HadCM3. All locations described are shown on Fig. 5. The values in brack-
ets for comparison with ice core data on Greenland (NGRIP & Renland) refer to the warmest
annual precipitation-weighted temperatures.

Location Observed ∆T Modeled ∆T

Greenland Central Greenland, NGRIP (75.1◦ N, 42.3◦ W) 5 4.2±1.1 (3.3)
E Greenland, Renland (71.3◦ N, 26.7◦ W) 5 4.3±1.9 (4.9)
E Greenland, Jamesonland (72.0◦ N, 23.0◦ W) 5 2.2±1.4
NW Greenland,Thule (76.0◦ N, 68.0◦ W) 4 3.5±1.4

Canada Robinson Lake, Baffin Is. (63.0◦ N, 64.0◦ W) 5 1.4±1.4
Brother of Fog Lake, Baffin Is. (67.0◦ N, 63.0◦ W) 4 1.9±1.6
Fog Lake, N. Baffin Is. (67.2◦ N, 63.3◦ W) 3–4 1.9±1.6
Flitaway Beds, Baffin Is. (70.0◦ N, 75.0◦ W) 4–5 5.1±1.0
Amarok Lake, Baffin Is. (66.3◦ N, 65.8◦ W) 5–6 3.4±1.2

Russia NE Siberia (Chakota region) (68.0◦ N, 177.0◦ E) 4–8 2.6±1.5
Siberia (73.3◦ N, 141.5◦ E) 4–5 1.7±1.5
European Russia (White Sea) (63.0◦ N, 35.0◦ E) 4 3.6±1.5

Alaska Interior Alaska, Eva Creek (64.9◦ N, 147.9◦ W) 0–2 2.8±1.6
NW Alaska, Squirrel Lake (67.4◦ N, 160.7◦ W) 1–2 1.9±1.7
NW Alaska, Ahaliorak Lake (68.0◦ N, 153.0◦ W) 1–2 2.7±1.7
NW Alaska, Noatak Valley (68◦ N, 160◦ W) 0–2 1.9±1.7
North Coast Alaska (70.0◦ N, 150.0◦ W) 3 3.6±1.9

Norway 60.2◦ N, 5◦ E 2.9 1.3±1.2
Svalbard 78◦ N, 22◦ E 2–2.5 1.2±1.5
North Atlantic JPC8 (61◦ N, 28◦ W) 3–4 1.4±0.8

NA87-25 (55.2◦ N, 14.7◦ W) 1–2 0.9±1.3
CH69-K9 (41◦ N, 47◦ W) −1 1.9±1.3
SU90-03 (40.5◦ N, 32.1◦ W) 0±1 1.8±1.1
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Fig. 1. Distribution of 500 experiments produced by Latin-Hypercube Sampling. In three dimen-
sions geothermal heat flux (G), Positive Degree Day (PDD) factor for snow (αs) and atmospheric
vertical lapse rate (LG) are shown. In addition, for each experiment the PDD factor for ice (αi)
is shown in terms of the colour-scale and the enhancement flow factor (f ) in terms of the size
of circle.
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Fig. 2. Time series of LIG (a) insolation and (b) insolation anomaly relative to pre-industrial over
Greenland for the period 140 to 110 ka. Insolation values are calculated using the numerical
solution of Laskar et al. (2004). Also overlain is CO2 concentration (ppmv) from the composite
record of Luthi et al. (2008) based on data from Petit et al. (1999) and Pépin et al. (2001) for
the LIG (they are on the EDC3 gas age scale, Loulergue et al., 2007). The colours correspond
to the following months: May (light blue), June (blue), July (orange) and August (green). Line
styles refer to different latitudes over Greenland.
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Fig. 3. Near-surface temperature time-series for the three LIG snapshots with a GrIS, partial
GrIS and without a GrIS included. The first 100 yr represent pre-industrial greenhouse and
orbital conditions. The last 100 yr are the temperature response to changed orbital parameters.
The black line is the annual mean, red line is the 10 yr running average and the blue line is the
10 yr mean.
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Fig. 4. Illustration of the coupling methodology between climate and ice sheet for the LIG. Simu-
lations are run for a total of 16 000 model years, initiated with a climate representative of 136 ka
(GrIS included). The transient climate evolves simultaneously with the ice sheet model. The
climate is linearly interpolated from 136 to 130 ka. From 130 ka to 120 ka the climate evolves
(black dashed arrow shows an example) according to a weighting towards either a transient cli-
mate where there is a modern day GrIS (black filled circles), one where there is a partial GrIS
(black half filled circles) and where the GrIS is removed (black open circles). The weighting is
based on the ratio of the previous years’ ice volume relative to the ice volume at 130 ka. The
green dashed arrow shows schematically the evolution of the ice sheet volume. See text for
more details and equations.
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Fig. 5. Simulated maximum LIG Arctic summer (June, July, August) temperature anomaly rel-
ative to pre-industrial. Overlain is the maximum observed LIG summer temperature anoma-
lies from paleo temperature proxies (terrestrial: circles and marine: triangles) (Anderson et al.,
2006; Kaspar et al., 2005). White regions are not statistically significant (at the 95 % confidence
interval).
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Fig. 6. Simulated LIG GrIS evolution from the ensemble of simulations. (a) GrIS volume evo-
lution for all 500 configurations. Black lines show experiments where ice persisted at NGRIP
and Summit. (b) Ice volume change for 73 selected simulations according to constraints at the
Summit and NGRIP cores. (c) Change in GrIS sea-level contribution relative to present day for
the selected simulations. Also shown on (b) is the skill-score for the simulated modern day GrIS
(see Eq. 7) on the right-hand axis. The star represents the modern day observed GrIS volume
(Bamber et al., 2001). The solid black line represents the simulation with the highest skill-score
for the modern day GrIS. The dashed black line represents the average for all accepted simu-
lations.
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Fig. 7. LIG surface temperature anomaly (relative to pre-industrial) evolution, averaged over
the Glimmer model domain for the valid simulations. Included is the change in temperature
due to a lapse rate correction as a result of changing elevation as the ice sheet changes in
response to the climate forcing. The solid back line represents the accepted simulation with the
highest skill-score for the modern day GrIS. The dashed back line represents the average for
all accepted simulations.
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Fig. 8. Simulated range from the selected experiments for the minimum GrIS geometry during
the LIG (a–c) and their respective modern day GrIS geometries (d–f). (a) Extent of the GrIS for
the maximum contribution (at 121.0 ka) to LIG sea-level change (+3.8 m), (b) the extent of the
most likely contribution (at 123.5 ka) to LIG sea-level change (+1.5 m) and (c) the extent of the
minimum contribution (at 125 ka) to LIG sea-level change (+0.4 m). Red spots show Greenland
ice-core locations.
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Fig. 9. Probability density functions constructed from the 500 member ensemble of mod-
ern day GrIS sea-level equivalent height. The red star denotes the observation from Bamber
et al. (2001). The distance x represents the difference between the mean of the ensemble and
the observation. The grey line shows the probability density function with no smoothing. The
black lines show the cases where the smoothing parameter, h, results in a probability density
function where x = σ (dashed), x = 1.5σ (dotted) and x = 2σ (solid).
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Fig. 10. GrIS maximum contribution to sea-level change during the LIG. (a) Probability density
plot. The hashed region denotes the 90 % confidence interval (0.3 to 3.6 m). (b) Exceedance
values for the probability distribution.
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Fig. 11. Simulated minimum GrIS extent for the ensemble member with a maximum GrIS con-
tribution to LIG rise closest to the peak of the probability density plot in Fig. 10a. (a) Modern
day GrIS extent and (b) the minimum GrIS extent during the LIG for a contribution of 1.5 m to
LIG sea-level rise.
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Fig. 12. Sensitivity of the LIG GrIS sea-level contribution probability density function to the Ker-
nel smoothing parameter, h. Dotted line: optimal smoothing parameter according to Eq. (13).
Solid line: smoothing parameter where modern day observation is 2σ from the ensemble mean
(chosen as the most plausible case). Dashed line: smoothing parameter where modern day
observation is 1σ from the ensemble mean.
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Fig. 13. Sensitivity of the probability density function of the GrIS maximum contribution to sea-
level change during the LIG to (a) the model error, σ, in Eq. (7), (b) observational ice thickness
error (τ = 10, 15, 50 and 100 m) from the Bamber et al. dataset (2001) and (c) the logistic
function given by Eq. (10) (lw = 0.0, 0.1, 0.2 and 0.4 m). The parameters highlighted in bold are
those used for the most plausible case shown in Fig. 10.
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Fig. 14. A probabilistic assessment of the GrIS maximum contribution to sea-level change
during the LIG, assuming ice is present throughout the LIG at the NEEM ice core. (a) Probability
density plot. The hashed region denotes the probability of the contribution from the GrIS being
between 0.3 and 3.2 m (90 % confidence interval). (b) Exceedance values for the probability
distribution. There is a 90 % probability of a GrIS contribution exceeding 0.6 m during the LIG,
a 67 % probability of exceeding 1.2 m, a 50 % probability of exceeding 1.6 m, a 33 % probability
the contribution exceeded 2.0 m and a 10 % probability it exceeded 2.8 m. An ensemble of
500 simulations weighted according to their skill-score for modern day ice thickness and the
presence of ice at NGRIP, Summit and NEEM core locations are used. They are also weighted
according to a five dimensional Gaussian fitted to the ice sheet model parameter distributions.
The probability density function is constructed using a Kernel density estimator with a window
width of 0.75 m.
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