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Abstract. During the Last Interglacial period~(130-115 1 Introduction
thousand years ago) the Arctic climate was warmer than to-

day, and global mean sea level was probably more than 6.6 1Bt time periods provide important case studies for evaluat-
higher. However, there are large discrepancies in the estiy,g the performance of earth system models, because model
mated contributions to this sea level change from variouSggits can be compared with geological records. In partic-
sources (the Greenland and Antarctic ice sheets and smallgfiar \warm climates of the past are useful because they can
ice caps). Here, we determine probabilistically the likely con- provide an analogue for possible future warming. The Last

tribution of Greenland ice sheet melt to Last Interglacial Sednterglacial (LIG) provides such a case study as globally av-

level rise, taking into account ice sheet model parametric UNeraged sea level was thought to be several metres higher than

certainty. We perform an ensemble of 500 Glimmer ice sheetqqay and high-latitude temperatures warmer. Estimates of
model simulations forced with climatologies from the cli- . :mum sea level increase. derived from sedimentary de-

mate model HadCM3, and constrain the results with palaeo'posits and coral sequences, typically range from 4 to 6m

data from Greenland ice cores. Our results suggest a 90 o/ﬁ?ostami et al., 2000; Muhs et al., 2002). A recent sea level
probability that Greenland ice melt contributed at least 0.6 M,y415 synthesis shows that sea level likely exceeded 8 m higher
but_ Ies_s than 10 % probability that it ex_ceeded 3.5m, avalugngn today with the highstand extremely likely (95 % proba-
wh|c.h is Iowc_ar than several recgnt est|.mates. Many of thes%i”ty) greater than 6.6 m (Kopp et al., 2009), consistent with
previous estimates, however, did not include a full generalggg giacial ice on Earth during the LIG. The likely contribu-
circulation climate model that can capture atmospheric CircUyq s tg the sea level rise are ice losses from the Greenland and
lation and precipitation changes in response to changes in ina 4 ctic ice sheets along with high-latitude Arctic ice fields,
solation forcing and orographic height. Our combined mod-g, ¢y as those in the Canadian Arctic, together with thermal
elling and palaeodata approach suggests that the Greenlaréq(pansion of seawater.
ice sheet is less sensitive to orbital forcing than previously £\ rther evidence from proxy data located in the Arctic and
thought, and it implicates Antarctic melt as providing a sub- European regions suggests the LIG climate featured temper-
stantial contribution to Last Interglacial sea level rise. FUt“reatures, at least regionally, several degrees warmer than today
work should assess additional uncertainty due to indUSiortKaspar et al., 2005: CAPE members, 2006). This estimated
of basal sliding and the direct effect of insolation on Surfacetemperature increase is supported by climate model simula-
melt. In addition, the effect of uncertainty arising from cli- ;ns indicating summer Arctic warming up t3'6 relative
mate model structural design should be taken into accounfy modern day, with the greatest warming over Eurasia and
by performing a multi-climate-model comparison. in the Baffin Island/Greenland region (Montoya et al., 2000;
Kaspar et al., 2005; Otto-Bliesner et al., 2006). Palaeopollen,
macrofossil and soil records suggest the expansion of boreal
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622 E. J. Stone et al.: Quantification of the Greenland ice sheet contribution to LIG sea level rise

forests northwards into areas now occupied by tundra in Rusthe need to run fully coupled (two-way) climate—ice sheet
sia, Siberia and Alaska during peak LIG warmth (Muhs et simulations. We begin by describing the main features of the
al., 2001; Kienast et al., 2008). On Greenland itself, ice coreclimate and ice sheet models, followed by a detailed descrip-
measurements from the Summit region (NorthGRIP, GRIPtion of the experimental design and this coupling method-
and GISP2 ice cores) indicate ice was present during th@logy. An ensemble is performed to take into account para-
LIG (Chappellaz et al., 1997; NorthGRIP, 2004; Suwa et al.,metric uncertainty in the ice sheet model with the aim of es-
2006), with the surface elevation no more than a few hun-timating a range in GrlS contribution to LIG sea level. We
dred metres lower than present day, based on the total gasse palaeodata to disregard simulations which do not satisfy
content of the ice (Raynaud et al., 1997). In addition, basathese robust palaeodata ice sheet constraints (see Sect. 3.2).
ice from the northwestern ice core, Camp Century, has beefinally, from the ensemble a probability density distribution
proposed to be of LIG age and ice from the bottom sectionof maximum sea level contribution from the GrlIS to LIG
of a core from the Renland peninsula in eastern Greenland isea level rise is constructed (see Sect. 3.2.2 for details of the
dated older than 130 thousand years ago (ka) (Johnsen et aprobabilistic method).
2001) although there is uncertainty in the dating of these two
ice cores (Alley et al., 2010). New results from the NEEMice 2.1 The climate model
core project, located in northern Greenland, indicate basal ice
in this location is of LIG age (NEEM community members, The GCM simulations described in this paper are carried out
2013). The dating of basal ice at Dye-3 in southern Green-using the UK Met Office coupled atmosphere—ocean GCM,
land, however, remains highly uncertain (e.g. Koerner andHadCM3, version 4.5 (Gordon et al., 2000), which has been
Fischer, 2002; NorthGRIP, 2004). used in the third and fourth IPCC assessment reports. The at-
Estimates of the Greenland ice sheet (GrlS) contribution tomosphere component of HadCM3 is a global grid-point hy-
sea level rise during the LIG range from 0.4 to 5.5 m baseddrostatic primitive equation model, with a horizontal grid-
on a wide range of modelling techniques. These includespacing of 2.5 (latitude) by 3.78 (longitude) and 19 lev-
palaeothermometry from ice cores coupled with thermo-els in the vertical with a time step of 30 min. The perfor-
dynamical ice sheet models (Leguilly et al., 1991; Ritz mance of the atmosphere component has been shown to agree
et al., 1997; Cuffey and Marshall, 2000; Huybrechts, 2002;well with observations (Pope et al., 2000). The land surface
Greve, 2005) with similar methodological studies also con-scheme (MOSES 2.1) includes representation of the freez-
straining their results by matching model-predicted isotopicing and melting of soil moisture and the evaporation process.
stratigraphy from ice cores with data (Tarasov and PeltierWithin this land surface scheme ice sheets are prescribed and
2003; Lhomme et al., 2005). Another method uses coupledre fixed.
climate — ice sheet models of varying complexity (Otto- The resolution of the ocean model is 1°2% 1.25 with
Bliesner et al., 2006; Fyke et al., 2011; Robinson et al., 201120 levels in the vertical. The ocean model uses the mixing
Born and Nisancioglu, 2012) to predict LIG GrIS geometry scheme of Gent and McWilliams (1990) with no explicit
and sea level contribution. horizontal tracer diffusion. The sea ice model uses a sim-
Here we assess the contribution of Greenland ice losple thermodynamic scheme and contains parameterisations
to global sea level rise, derived from simulations of the of ice concentration (Hibler, 1979) and ice drift and leads
LIG global climate and evolution of the GrIS from 130 to (Cattle and Crossley, 1995). For simulations of the present-
120ka, using the general circulation model (GCM) HadCM3 day climate, the ocean model has been shown to simulate sea
pseudo-coupled to the ice sheet model Glimmer. We usesurface temperatures in good agreement with modern obser-
an efficient offline coupling methodology to account for ice vations, without the need for flux corrections (Gregory and
sheet-climate interactions (DeConto and Pollard, 2003) andVitchell, 1997).
estimate the range in GrIS contribution to LIG sea level
change by considering ice sheet model uncertainty. As are2.2 The ice sheet model
sult, this method aims to better understand the GrIS response
to a warmer-than-present climate, which is critical for the 2.2.1 Model description
assessment of future climate change.
We also use the three-dimensional thermomechanical ice
sheet model Glimmer version 1.0.4 (Payne, 1999; Rutt et al.,
2 Model description and experimental design 2009), which is forced with monthly temperature and pre-
cipitation from HadCM3. The horizontal resolution of the
Here, we outline the models used to estimate the GrlS conmodel is 20 km with 11 vertical layers. The ice dynamics
tribution to LIG sea level change. Due to computational ex-are represented with the widely used shallow-ice approxi-
pense we have developed a method to pseudo-couple oumnation (SIA) approach, which neglects longitudinal stresses
climate model to an ice sheet model which takes into ac-in the ice sheet. This simplification is appropriate for ice
count the effect of the albedo feedback mechanism withoumasses that are thin compared with their horizontal extent.
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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 Ef. (

Standard
Parameter Range Mean) deviation ¢)
Positive degree day factor for snavs (mm water ¢1°C—1) 3.0t05.0 4.0 +1.2
Positive degree day factor for icg, (mm water a1 °Cc—1) 8.0t0 20.0 14.0 +6.9
Enhancement flow factoy; 1.0t0 5.0 3.0 +2.3
Geothermal heat fluG (mwW m*Z) —61.0t0—38.0 —49.5 +13.3
Near-surface lapse rateg (°Ckm™1) —8.2t0—4.0 —-6.1 +2.4

The principle advantage of using the SIA for modelling the previous work (e.g. Pollard and Thompson, 1997; Viaoa
GrlS on palaeotimescales is that it is computationally cheapet al., 2008).
allowing large, multi-millennial ensembles to be easily per- One limitation of the ice sheet model simulations pre-
formed. Although the method is accurate for the interior of sented here is that they do not include the process of basal
a large ice sheet such as the GrlS, this is not the case at thaiding which has implications for the amount of ice mass lost
margins. Here, streams of fast-flowing ice and coupling todynamically. An increase in the ice velocity, by incorporating
ice shelves complicate the ice dynamics such that the SIA ishe basal sliding velocity, would resultin more ice transferred
unable to capture the currently observed changes in ice sheétom the accumulation zone to the ablation zone and, there-
geometry and velocity, which occur on short timescales. Thefore, would likely reduce the volume of the ice sheet under a
lack of higher-order physics has resulted in the majority of warm climate. Inclusion of this missing process could lead to
ice sheet models overestimating the present-day ice she@tsmaller GrlS during the LIG. Indeed, the study by Parizek
volume and extent (e.g. Ritz et al., 1997; Stone et al., 2010and Alley (2004) showed an increase in GrIS sensitivity to
Greve et al., 2011; Robinson et al., 2011). various warming scenarios due to surface meltwater lubri-
The surface mass balance is simulated using the positiveation of flow. However, previous studies (Ritz et al., 1997;
degree day (PDD) approach described by Reeh (1991). ThRobinson et al., 2011) have shown that, although the sliding
basis of the PDD method is the assumption that the melt thatoefficient parameter affects GrlS geometry, it is less signifi-
takes place at the surface of the ice sheet is proportional to theant compared with other parameters in determining the past
time-integrated temperature above the freezing point, knowrevolution and present geometry of the modelled GrlIS.
as the positive degree day. Two PDD factors are used, one
each for snow and ice, to take account of the different albe2.2.2 Generation of an ice sheet model ensemble
dos and densities of these materials. The use of PDD mass ) , )
balance models is well-established in coupled atmospherefc’r t,h? bgsellne chmate to Wh'Ch, the GCM temperature gnd
ice sheet palaeoclimate modelling studies (DeConto and PolPreécipitation anomalies are applied we use those described

lard, 2003; Lunt et al., 2008, 2009). Limitations of using the N Stone et al. (2010). The temperature climatology is de-
PDD scheme are discussed in Sect. 4. rived from ERA-40 observations (Hanna et al., 2005) and

Glimmer also includes a representation of the isostaticPréciPitation also from ERA-40 reanalysis (Uppala et al.,
response of the lithosphere to a change in ice mass. Th@005). We use the Greenland b?dmd_( topography of Bamber
response of the lithosphere is assumed to behave ela&! @l (2001) on a20-km-resolution grid.

tically, based on the isostasy model of Lambeck and Several parameters in large-scale ice sheet modelling are
Nakibyoglu (1980). still poorly constrained, resulting in highly variable ice sheet

The forcing data from HadCM3 are transformed onto the Volume and extent, depending on the values prescribed in
ice model grid using an adaption of bilinear interpolation the model (Ritz et al., 1997). Previous work (Stone et al.,

termed “mean-preserving interpolation”, which preserves theZOlO) investigated the sensitivity of ice sheet evolution for

mean of the global grid box on the Glimmer grid and ensures_the modern GrlS to five tuneable parameters which affect the

that precipitation is conserved in the atmosphere—ice shedf® Sheet dynamics and surface mass balance. These parame-
coupling. More details of the interpolation scheme are givent€'s '€ the PDD factors for ice and snow, near-surface lapse
in Sect. 6.2 of Rutt et al. (2009). In the case of the surface aif&te: flow enhancing factor and the geothermal heat flux (see

temperature field, a spatially homogenous vertical lapse ratél—able 1). e of imulai ,
correction is used to take account of the difference between Here we glenerar\]te anfensgmb e of 500 simu ?tlons using
the high-resolution topography seen within Glimmer and that!h€ Statistical method of Latin Hypercube Sampling (LHS)
represented within HadCM3. The use of a lapse rate correcn order to efficiently sample the five-dimensional parameter

tion to better represent the local temperature is established ifiPace- This method generates a distribution of plausible pa-
rameter sets within a prescribed set of ranges (McKay et al.,
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1979). Parameter values are sampled from the prescribed diFable 2. The orbital parameters (from Milankovitch theory) for four
tribution of each variable and paired randomly with the othertime snapshots between 140 and 120 ka (Berger and Loutre, 1991)
variables, assuming that the variables are independent of or@nhd the maximum 65N June insolation anomaly. Also shown for
another, ensuring the parameter space is as evenly cover&@mparison are the parameters for the pre-industrial period.

as possible (which is the case here). The LHS distribution is
given in Fig. 1. For more details on parameter choices refer

Max. 65° N June

Perihelion insolation
to Stone et al. (2010). Time (ka) Obliquity ) Eccentricity (day ofyr) anomaly (W)
. . . 136 23.97 0.0367 35.1 6.7
2.3 Experimental design and coupling methodology 130 5425 0.0401 1218 70.0
. o _ 125 23.82 0.0423 200.0 50.6
Computationally, it is not yet feasible to run HadCM3 fully 120 23.04 0.0436 287.6 -28.0
coupled (two-way) with Glimmer for timescales of thou- 0 23.45 0.0172 26 00

sands of years, such as through the LIG. A methodology
is developed based on that of Deconto and Pollard (2003)

in order to account for a transient climate which evolves as;qcerns the use of isostatic equilibrium for the orography
the ice sheet volume evolves, whilst minimising computa-

' ’ - - in the ice-free state. Obviously, if there was a substantial ice
tional expense. It takes into account a changing climate as @nheet present before the start of the LIG, as inferred from

result of the change in ice sheet geometry by including they,q ¢static sea level curve (Siddall et al., 2007), there would
elevation—temperature feedback and an approximation to thgy a1y have been insufficient time for all the ice to melt, the

albedo feedback. We outline (1) the GCM simulations per-paqrock to rebound fully and soil to develop on the bare

formed, (2) the ice sheet model spin-up procedure and (3) dezock syrface. However, this provides the most contrasting cli-

tails of the coupling method used between climate and icyte scenario to a fully glaciated Greenland being present
sheet model. throughout the LIG (which is also unlikely). Another limita-
tion of this approach (which was required for computational
efficiency) is that the climate state is constrained to linearly

GCM simulations representing 130, 125 and 120ka ardntérpolate between these states (see Sect. 2.3.3).
forced with insolation anomalies resulting from changes in  FOr the LIG, the changed forcings from present day are
the Earth’s orbital parameters for the early to mid-part of the following: the modified trace gas concentrations and

the LIG. These time-slices are chosen because they covdpe seasonal and latitudinal insolation changes at the top of
the interval of peak LIG warmth as well as the maximum the atmosphere associated with Milankovitch orbital forc-
sea level highstand (Petit et al., 1999; Lisiecki and Raymo,Nd (Milankovitch, 1941). For this modelling framework

2005; Kopp et al., 2009). Compared with the pre—industrialthe perturbed astronomical values are consistent with those
period, larger eccentricity, obliquity and Northern Hemi- used in the standard Paleoclimate Modelling Intercompar-

sphere summer (as opposed to winter) occurring at perinelSOn Project (PMIP) LIG simulations (setp:/pmip.Isce.

lion (see Table 2) result in greater seasonality, leading to prolpSI'fr/)' Figure 2a shows the variation in insolation from 140

nounced high northern latitude summer insolation, consis{© 110 ka for the spring and summer months at three latitudes

tent with warming observed in the geological record (North- 9Ver Greenland: 63N, 74°N and 80 N. Insolation anoma-
GRIP, 2004; Kaspar et al., 2005; CAPE members, 2006) (seEeS over Greenland relative to present day (Fig. 2b) are at a
Fig. 2). This seasonal variation in insolation is important be-Mmaximum at~ 130 ka for May and June and decrease toward

cause ice sheet surface mass balance is particularly sensitide?0 ka. Smaller anomalies, for July and August, peak from
to summer warming. ~ 125 to 120ka. Orbital parameters are taken from Berger

The three LIG snapshot time-slices are run for 100 modef@nd Loutre (1991) for the three snapshots at 130, 125 and
years (70-yr spin-up and 30yr for averaging) with the fol- 120 ka. Table 2 shows the obliquity, eccentricity and perihe-

2.3.1 LIG GCM simulations

lowing Greenland boundary conditions: lion for these three scenarios. A further HadCM3 experiment
at 136 ka is also included in order to spin up the ice sheet
1. modern-day GrIS present, model sufficiently but differs slightly by including a MOSES

1 land surface scheme (Cox et al., 1999). This simulation is
run for 500 model years with an averaging time of 30 yr.

Also shown in Fig. 2 is the atmospheric g@oncentra-
tion, reconstructed from ice cores, from 140 to 110 ka based
on Luthi et al. (2008). All CQ values are on the EDC3 gas
age scale (Loulergue et al., 2007). There is a sharp rise in
This procedure gives a range of climate states between whic&O, concentration between 140 ka and 130 ka frei200 to
the “expected” climate over a partially melted GrlIS during 260 ppmv. Thereafter, this trace gas concentration stabilises
the LIG might lie. One caveat of these climate simulationsbetween 260 and 290 ppmv. Since the greenhouse gases do

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

3. no GrlS present with bedrock in isostatic equilibrium.

Clim. Past, 9, 621639 2013 www.clim-past.net/9/621/2013/
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Fig. 1. Distribution of 500 Glimmer parameter experiments produced by Latin hypercube sampling and projected onto two-dimensional
slices through the five-dimensional space. The parameters are as follows: the geothermal h@attthexdositive degree day (PDD) factor

for snow @s), the PDD factor for iced;), the atmospheric vertical lapse rafeg) and the enhancement flow factgf)( The experiments
highlighted in red are those which are valid for the LIG.

not markedly vary from the pre-industrial period during the tion at 136 ka where C& methane (Chl) and nitrous oxide
LIG (Luthi et al., 2008) and it has been shown that cli- (N2O) are lower compared with the pre-industrial period at
mate perturbations were predominantly orbitally driven at200 ppmv, 413 ppbv and 229 ppbv, respectively. This is be-
this time (Slowey et al., 1996; Loutre et al., 2007; Yin and cause differences in the trace gases compared with the pre-
Berger, 2012), gas concentrations are held constant and urmadustrial period are the driving mechanism for this earlier
changed from the values used in the pre-industrial simulaperturbed climate rather than changes in the orbital param-
tions. In this way any changes in LIG climate from the the eters compared with the pre-industrial period (see Fig. 2b
pre-industrial period are due to changes in the orbital pawhere summer high-latitude insolation anomalies are small
rameters of the Earth. GOs, therefore, held constant at at 136 ka).

280 ppmv for all experiments performed using HadCM3 be- An additional simulation, the pre-industrial control, in-
tween 130 and 120ka. All other trace gases are equivalentludes trace gas concentrations (280 ppmv foro CT60

to pre-industrial values. The exception is for the simula- ppbv for CH, and 270 ppbv for NO) and orbital parameters

www.clim-past.net/9/621/2013/ Clim. Past, 9, 62639 2013
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2 i« Fig. 3. Near-surface HadCM3 Greenland temperature time series
c
O . . .
g for the three LIG snapshots with a GrIS, partial GrlIS and without a
100 L . . . . 180 GrlS included. The first 100 yr represent pre-industrial greenhouse
110 115 120 125 130 135 140 gases and orbital conditions. The last 100 yr are the temperature re-

Time before present (ka)

sponse to changed orbital parameters. The black line is the annual
Fig. 2. Time series of LIGa) insolation andb) insolation anomaly ~ mean and the red line is the 10-yr mean. The thick black horizon-
relative to the pre-industrial period over Greenland for the periodtal line shows the 30-yr annual Greenland temperature average re-
140 to 110ka. Insolation values are calculated using the numeriduired to force the ice sheet model.
cal solution of Laskar et al. (2004) using the Julian calendar. Also
overlain is CQ concentration (ppmv) from the composite record
of Lithi et al. (2008) based on data from Petit et al. (1999) andocean circulation, but it does fully interact thermodynami-
Pépin et al. (2001) for the LIG (they are on the EDC3 gas age scalecally with the atmosphere in our modelling framework. Fig-
(Loulergue et al., 2007)). The colours correspond to the followingure 3 shows the average temperature evolution over Green-
months: May (light blue), June (blue), July (orange) and August|and (one of the inputs into the Glimmer ice sheet model) in-
(green). Line styles refer to different latitudes over Greenland. cluding this pre-industrial spin-up. A 10-yr mean trend (red)
is shown and indicates sufficient spin-up of the model near-
o o surface temperature in response to the changed orbits. This
(obliquity 23.45, perihelion occurs on day 2.6 of the year trend shows that compared with inter-annual variability the

and eccentricity 0.01724) appropriate for 1850 AD. multi-year average temperature response of the simulations
Outside of Greenland, global vegetation coverage is prejs close to equilibrium.

scribed at present-day distributions. The simulations where
the GrlIS is removed/partially melted are prescribed bare soip.3.2 Obtaining a 136 ka GrIS
coverage in place of Greenland ice, while the simulations
with a full GrIS included use the present-day ice sheet maskihe size of the GrIS is not known at 130ka (or at any other
with bare soil in ice-free regions. The land—sea mask remaingoint during the LIG), although sea level was similar to
unchanged from modern day since there were no signifipresent day (Siddall et al., 2007; Kopp et al., 2009), imply-
cant tectonic changes to the continents between 130ka andg a substantial amount of ice must have been present at
present and the estimated sea level change would result ihigh northern and southern latitudes. The correct method of
negligible land—sea mask changes. reconstructing the initial state of the GrIS under past climate
The 130-, 125- and 120-ka GCM simulations are contin-forcings is unclear, but two main methods have been adopted
ued from pre-industrial simulations of 100 model years with in previous studies: (1) steady state simulations driven by
the appropriate bedrock and ice coverage. The spin-up tim@resent-day or past climatic conditions (e.g. Ritz et al., 1997;
in large-scale atmosphere—ocean models is governed by th&tone et al., 2010) and (2) transient simulations driven by
slow processes in the deep ocean and is usually on the opalaeoclimatic reconstructions (e.g. Applegate et al., 2012).
der of several thousand years. However, due to computaEach method has its own caveats which have been inves-
tional expense this is not easily achievable. As such the oceatigated recently by Rogozhina et al. (2011). For example,
component of HadCM3 does not fully represent changes irthey show that initialising from an ice-free state under glacial

Clim. Past, 9, 621639 2013 www.clim-past.net/9/621/2013/
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@ Spun-up with 136ka climate

forcings is not a good choice for simulations that start under
colder-than-modern conditions. Because it is not practically
possible to spin up an ensemble of coupled HadCM3 ice

o ° /,o/

sheet model configurations for several glacial-interglacial o e e

cycles, we use an approach that assumes the ice sheet is N

in equilibrium at the start of the transient ice sheet model O~ O« O o

simulations. We adopt a similar methodology to Rogozhina Time

et al. (2011) by initialising from a modern GrlS geometry @ cimstevitModerncns <— Linear interpolation between climates with Modern Gris
spun-up with a constant glacial climate forcing derived from @ Cimatewih Partial Gris Linear interpolation between climates with Partial GriS
HadCM3 then apply a time-dependent forcing into the in- O CimaewihNons <— Linear interpolation between climates with No Gris

Evolution of ice volume with time

terglacial period. We do not use palaeoclimatic reconstruc-
tions to obtain an initial state for the GrlS because, prior to -
the onset of the LIG, processes occurring in deeper parts ofig. 4. lllustration of the coupling methodology between climate
ice cores make them somewhat unreliable and extending beand ice sheet for the LIG. Simulations are run for a total of 16 000
yond the LIG is, therefore, unrealistic (Grootes et al., 1993;model years, initiated with a climate representative of 136 ka (GrIS
Johnsen et al., 1997). included). The transient climate evolves simultaneously with the

In order that changes in the ice sheet response to cIimati?e sheet model. The climate is linearly interpolated from 136 to
at 130ka are not a result of inadequate spin-up of the ic 30ka. From 130 to 120 ka the climate evolves (black dashed ar-

sheet model, simulations begin at 136 ka when the climatiow shows an example) according to a weighting towards either a

. . ransient climate where there is a modern-day GrlS (black filled cir-
was substantially colder. As a result, the ice sheet mode les), one where there is a partial GrIS (black half-filled circles) and

is initiated with an ice sheet in equilibrium with the 136- one where the GriS is removed (black open circles). The weighting
ka climate. The ice sheet model is spun up for 50 000 yr injs based on the ratio of the previous years’ ice volume relative to the
anomaly mode using the 136 ka climatology. This methodice volume at 130 ka. The green dashed arrow shows schematically
requires GCM monthly mean changes in precipitation andthe evolution of the ice sheet volume. See text for more details and
near-surface temperature (defined relative to a pre-industrigdquations.

climate) to be superimposed onto a present-day reference

climatology (see Sect. 2.2.2) used by the surface mass bal- . ! N
ance model in Glimmer. Anomaly coupling is used to re- the solid blue, orange and red arrows, respectively, in Fig. 4)

duce climate model bias both for precipitation and temper—Similar to Eq. O:

== Evolution of climate with time

ature which affects the ice sheet model output, as in previous Cice(125 — Ci°e(130) ]
studies (Lunt et al., 2008, 2009). C* (1) = 5 1+ C'°®(130), @)
2.3.3 Coupling the climate and ice sheet models : Chice(125) _ chice13 .

CcPee(r) = (125 (130 t + CPI°€(130), 3)

We model a total of 16 000 yr, representing the time period f2

from 136 to 120 ka. Figure 4 shows a diagram of the cou-and
pling process, which is outlined in detail below. The monthly
average variables of temperature and precipitation, here deg? (¢) =
noted asC(z), are linearly interpolated along the time-axis

: ostate of Greenl .
from 136 to 130ka where the notatian® o1 =reen ands whereC®€(125) is the 125-ka climate with the GrIS present;
used (i.e. state of Greenland in HadCM3 is either ice covered'cpice(125) and CPi°6(130) are the 125- and 130-ka climates

%125 — %130
2

1 +C°(130), ()

ice; partial ice: pice; or ice-free: O): respectively, with a partial GriSz9(125 and c°(130) are
Cice(130) — Cice(136) e the 125- and ;30-ka Clima_tes, _respe_cti_velyz with _the GrIS re-
C@)= ; t+C™5(136). (1)  moved; and; is 5000yr. Likewise, similar linear interpola-
! . tions are also performed from 125 to 120 ka.
The interpolation is between the 136 ka climaté®(136), If the ice volume,V (), is greater than the partial ice vol-

and the 130ka climate;°8(130), wherer; is 6000 model ume (defined ag/P'°® = 0.46V'°®(130)), then the climate,
years. Glimmer is initiated with the equilibrated ice sheet ge-C(¢), at each year is now also weighted either towards the
ometry described above. At 130 ka the climate is allowed toclimate with a partial GriISCP'°®(¢), or the GrlIS climate,
evolve each year between the three climate scenarios (witld'¢(¢), according to

a GrlS, a partial GrIS and without a GrlS) according to a ( V() — Viee130

weighting function defined by the ratio of the ice volume €)= Vice (130) _ VPeS(130)

(V(t)) at timet and the ice volume predicted at 130ka
(V(130)) by the ice sheet model. Between 130 and 125 ka thé\lternatively, if the ice volume is less than the partial ice
following linear interpolations are performed (represented byvolume then the climate (¢), at each year is weighted either

) (Cice ) — Cpice(t)) + Clee ). (5)
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628 E. J. Stone et al.: Quantification of the Greenland ice sheet contribution to LIG sea level rise

than values inferred (4 to“&C) from the temperature recon-
structions over this region (CAPE members, 2006). This im-

>3 plies that the GrIS during the LIG was likely smaller than
45 today and represents a minimum temperature anomaly esti-
3.5 mate. Simulated LIG warmth in Greenland is sustained un-
25 der a 130- and 125-ka climate but with significant cooling
15 by 120 ka consistent with the change in summer insolation
05 distribution (see Fig. 2). These changes are amplified by sea
05 ice feedbacks discussed below. However, comparisons with
proxy-derived estimates of temperature at the location of
15 the NorthGRIP ice core show a simulated summer tempera-
2.5 ture of 4.22C + 1.3°C, and an annual precipitation-weighted
-3.5 temperature of 3.3C, lower than the 3C estimate obtained
-4.5 from the ice core oxygen isotope record (NorthGRIP, 2004).
55 Over much of the Greenland region, predicted annual precip-

itation rate changes throughout the LIG are small.

Since the ice sheet climate coupling requires a set of
GCM simulations where the GrlIS is removed and replaced
Fig. 5. Simulated maximum LIG Arctic summer (June, July, Au- With bare soil we can assess the climate of the extreme sce-
gust) temperature anomaly relative to the pre-industrial period.nario of an ice-free Greenland under LIG climate condi-
Overlain is the maximum observed LIG summer temperaturetions. At the location of the NGRIP ice core, simulated max-
anomalies from palaeotemperature proxies (terrestrial (circles) angmum annual precipitation-weighted temperature anomalies
marine (triangles)) (CAPE members, 2006; Kaspar et al., 2005)g|ative to the pre-industrial period are in excess of @0
White regions are not statistically significant (at the 95% confi- (see Fig. S4c), and the average maximum summer Green-
dence interval). land anomaly ranges from 14 to 16 for the time period
125 to 130ka. These are clearly greater than the annual
proxy palaeodata estimate of6 (CAPE members, 2006),
which supports the ice core evidence that the GrIS did not
completely disappear during the LIG (NorthGRIP, 2004).

C)

towards the climate with no GrIg;%(r), or the partial GrIS
climate,CP'*®(r) , according to

V() ice 0 0 The increased insolation, relative to the pre-industrial

cn= V (130 (Cp n=-c (t)>+c @ (6) period, during the early part of the LIG results in
spring/summer melting of Arctic sea ice with reduced

concentrations, compared with the pre-industrial period,
3 Results throughout the summer months. At 130ka, sea ice concen-
tration is reduced by up to 40 %, compared with the pre-

3.1 The modelled climate of the LIG industrial period, in the central part of the Arctic Ocean, sim-

ilar to results from Otto-Bliesner et al. (2006). This reduction
The GCM-simulated annual average global temperatureof summer sea ice around the margins of Greenland results
anomaly at 130 ka (with a modern-day fixed GrIS included)in a positive sea ice albedo feedback and contributes to the
is only 0.13°C relative to the pre-industrial period, con- observed warming in this region, particularly in the Labrador
sistent with the small mean annual forcing associated withSea. At 125 ka there is still a reduction in sea ice in the Arc-
the orbital configuration for the LIG. However, the seasonaltic, compared with the pre-industrial period, but only up to
temperature anomaly is1.6°C and 2.0C in the Northern 20 % over the majority of the region. By 120ka the sum-
Hemisphere for winter and summer, respectively. Figure bmer sea ice concentration is similar if not greater than the
shows a comparison of the LIG simulated Northern Hemi- pre-industrial period with over 50 % sea ice present again in
sphere maximum summer warming with reconstructed terthe vicinity of the Labrador Sea. This increase in sea ice is
restrial temperature anomalies derived from ice cores, pollerattributed to the cooler climate as a result of reduced sum-
and macrofossils and reconstructed marine peak summaeaner insolation forcings toward the termination of the LIG.
sea surface temperature anomalies derived from foraminiferélthough this reduction in average sea ice over the Arctic
(Kaspar et al., 2005; CAPE members, 2006). Overall, theOcean implies a significant temperature difference relative to
agreement at high Northern Hemisphere latitudes is goodhe pre-industrial period, the inter-annual variability over the
with 65 % of the data points coinciding (within the uncer- averaging period of the simulations ranges frefito+1°C
tainty) with the 1: 1 line in Fig. S1 (see also Table 3). How- and, therefore, results in the regional temperature differences
ever, during the summer months the maximum LIG aver-being statistically insignificant (see Fig. 5).
age temperature anomaly over Greenland is’@,5cooler
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Table 3.Comparison of LIG temperature anomaliesq{@) derived from palaeoproxy reconstructions (CAPE members, 2006) with the sim-
ulated maximum LIG summer temperature anomalies from HadCM3. All locations described are shown in Fig. 5. The values in parentheses
for comparison with ice core data on Greenland (NorthGRIP and Renland) refer to the warmest annual precipitation-weighted temperatures.
Values derived from HadCM3 include 2o

Location ObservedT  ModelledAT
Greenland Central Greenland, NGRIP (79N, 42.3 W) 5 424+1.1(3.3)
E Greenland, Renland (72.8l, 26.7 W) 5 43+1.9(4.9)
E Greenland, Jamesonland (72N, 23.0° W) 5 22+1.4
NW Greenland, Thule (76°(0N, 68.0° W) 4 3.5+1.4
Canada Robinson Lake, Baffin Is. (6319, 64.0° W) 5 14+1.4
Brother of Fog Lake, Baffin Is. (67°N, 63.0° W) 4 19+1.6
Fog Lake, N. Baffin Is. (672N, 63.3 W) 3-4 1.9+1.6
Flitaway Beds, Baffin Is. (700N, 75.0° W) 4-5 5.1+1.0
Amarok Lake, Baffin Is. (66.3N, 65.8 W) 5-6 34+1.2
Russia NE Siberia (Chakota region) (68N, 177.0 E) 4-8 2.6-1.5
Siberia (73.8N ,141.5 E) 4-5 1.4A15
European Russia (White Sea) (63N), 35.C° E) 4 3.6+1.5
Alaska Interior Alaska, Eva Creek (64.8l, 147.9 W) 0-2 2.8+1.6
NW Alaska, Squirrel Lake (67N, 160.7 W) 1-2 1.9+1.7
NW Alaska, Ahaliorak Lake (680N, 153.00 W) 1-2 2.7+£1.7
NW Alaska, Noatak Valley (68N, 160° W) 0-2 1.9+1.7
North Coast Alaska (70°0N, 150.0 W) 3 3.6+1.9
Norway 60.2N,5°E 2.9 1312
Svalbard 78N, 22°E 2-25 1215
North Atlantic  JPC8 (61N, 28 W) 34 1.4+0.8
NA87-25 (55.2 N, 14.7 W) 1-2 0.9+1.3
CH69-K9 (4P N, 47° W) -1 1.9+1.3
SU90-03 (40.5N, 32.7° W) 0+1 1.8+1.1
3.2 GrlS contribution to the LIG highstand the modern-day GrlIS for each ensemble member and sub-
sequent spin-up, using the 136-ka climatology to give an ap-

reject a number of the GrlS LHS experiments using palaeo-
data from the LIG. We use the criteria of the presence of ice
ersisting at the Summit (Raynaud et al., 1997) ice cores on

with the GCM evolving climate from 136 to 120 ka. Conse- reenland throughout the LIG and ice present at NorthGRIP

quently, ice sheet geometry is predicted throughout the LIGP to 123 ka (NorthGRIP, 2004). The Dye-3, Camp Century

: . and Renland ice cores are not, however, used to reject/accept
and compared with reconstructed ice surface extent data as . . ) .
N : . : ; . “Simulations, as the evidence for the presence of ice there is
implied from various ice cores drilled in Greenland. The im-

. . . more equivocal. In addition, simulations which make a neg-
pact of ice sheet model parametric uncertainty (Stone et al., .. L .
; . ative contribution to sea level change are also rejected. As
2010) on the evolution of the GrIS through the LIG is used : . !
. . . : a result a subset of 73 simulations are selected according
to derive a probability density function of the Greenland con-

. . . .~ to this evidence from the ice core data; that is, simulations
tribution to LIG sea level rise, contingent on our modelling S L
. ) . . where ice is absent at the NorthGRIP and Summit ice cores
choices. This also takes into account the mismatch between

) . —are rejected. The selected simulations are shown in Fig. 6b,
present-day observed and modelled ice sheets, most likel " . . .
7 i o . ncluding a representation of their ability to reproduce the
due to missing higher-order physical ice dynamics and the : : .
) : . modern-day GrlS according to a skill-score (for a given set
inclusion of a parameterised surface mass balance scheme.

All 500 ice sheet model simulations show contraction of of input parameter8) given by

In order to estimate the contribution of the GrlIS to LIG sea
level change, we drive 500 realisations of the ice sheet mod

the ice sheet in response to pea}k LIG warming. Figure 6as ©) =—Lt i (ti— £ (0))? e
shows the evolution of absolute ice volume throughout the L ottt

16 000yr ice sheet simulations. Also shown is the spin-up for
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Fig. 7. LIG surface temperature anomaly (relative to pre-industrial
5 period) 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
14 sheet changes in response to the climate forcing. The solid back line
represents the accepted simulation with the highest skill-score for

Ice volume ( x10° km3)

35 the modern-day GrlIS. The dashed black line represents the average
for all accepted simulations.
25
2 2
120 . 12§>f 130 ) 135 Spinup wheren is the number of grid-pointsy; is the observa-
me before present (ka) tional ice thickness at each grid-pointf; () is the exper-
¢ Skill-score imental ice thickness at each grid-point for each ensemble

member,o 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? is the observational er-
ror variance at each grid-point. The observational error is as-
sumed to be constant across 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 re-
spect to the digital elevation model derived by Bamber et
al. (2001), interpolated to a 20-km resolution.
Spinup The ice sheet retreats in all selected cases, compared with
the pre-industrial period, in response to the orbitally induced
Fig. 6. Simulated LIG GrlS evolution from the ensemble of ice Warming, with minimum ice sheet volume reached between
model simulations(a) GrIS volume evolution for all 500 con- 125ka and 120.5ka. All simulations show recovery towards
figurations. Black lines show experiments where ice persisted athe end of the LIG in response to the reduction in summer in-
NGRIP and Summit ice core locations. Also shown is the modern-solation. This is also shown by the average surface tempera-
day spin-up of 50000yr followed by a further 50 000-yr spin-up ture anomaly (as seen in the ice sheet model) over the Green-
with a 136-ka climatology (separated by red dashed li@®)ice  |and region which peaks at around 2 t8Gfor the selected
volume change for 73 selected simulations according to ConStraim?nembers of the ensemble (see Fig. 7). Maximum GrlS con-
atthe Summit and NGRIP corgg) Change in GriS sea level con- iy, yinn 1o LIG sea level rise ranges between 0.4 and 3.8 m
tribution relative to present day for the selected simulations. Also, . . -
shown in(b) and(c) is the skill-score for the simulated modern- (Fl.g' G.C)' Nor-1e- O.f the accepted .SImUIatIO.nS show an absgnce
day GrIS (see Eq7) with the simulated modern-day ice volume oficein t_he vicinity of thg Dye-3 ice core in accordance with
also shown on the right-hand axis @if). The star represents the SOME evidence suggesting that ice persisted through the LIG
modern-day observed GrlS volume (Bamber et al., 2001). The solicfit this location (NorthGRIP, 2004; Willerslev et al., 2007).
black line represents the simulation with the highest skill-score forHowever, there is large uncertainty in the dating of basal
the modern-day GrlS. The dashed black line represents the averagee at this location (Willerslev et al., 2007), which is why
for all accepted simulations. it is not appropriate to use this data as a direct constraint on

Sea level change (m)

1 . . .
120 125 130 135
Time before present (ka)
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GrlS extent. Figure 8a—c shows the GrIS geometries for pathe skill-score given in Eq.7):
rameter sets resulting in the maximum, most likely (accord-

ing to the skill-score) and minimum contribution to LIG sea P[Y 0] = A - .1(6), 9)
level change. Also shown is the respective ensemble member

modern-day GrlS geometry (Fig. 8e—g). The associated prewhereA is a normalising constant such that fheP [Y |0] =
cipitation and temperature forcings for the simulation with 1 and the logistic functiori(¢), accounts for the uncertainty
the highest skill-score, derived from HadCM3 according toas to where the simulated ice sheet margin lies relative to
the coupling methodology, are shown in Fig. S2 in Supple-the ice core locations at the resolution of the ice sheet model
ment. The cases where minimum ice volume and maximunflomain:

temperature anomaly are reached are given and illustrate the Y ©) -,

latitudinal gradient in temperature from the enhanced insola{ (9) = = [1 — tanh( max)]

tion forcing and the change in topographic height in response 2w

to thefwarmr:ng. Thﬁ most likely e>gen_t of the ?Irls shows re- y 4y is the maximum sea level change for each member of
treat from the northern margins, but ice is still present overy, o onsorhier  is the maximum contribution to LIG sea

central and southern Greenland (Fig. 8b). This contrasts Wm?evel rise from the accepted simulations (in this case 3.8 m)
several previous studies (Cuffey and Marshall, 2000; Taraso ndl,, is the logistic width
w .

and Peltier, 2003; Lhomme et al., 2005; Otto-Bliesner etal., 1,4 prior probability distributionP[6], weights each en-

2006) where ice sheet retreat is sensitive in the south but noéemble member according to its parameter set probability

the north. However, this sensitivity of the northern margin According to Stone et al. (2010) the parameter sets can
agrees with other more recent GrIS simulations (Fyke et al'reasonably be weighted as Gaussian 2-sigma ranges such

2011; Greve et al., 2011; Born and Nisancioglu, 2012; QUi'that the extreme parameter choices are penalised. Hence,
we model the prior probability distribution as a multivariate

(10)

quet et al., 2013). An isolated cap remains in the vicinity
of the Camp Century and Renland ice core locations for a”Gaussian distribution:
simulations where ice also persists in the Summit region, in
agreement with evidence suggesting ice also persisted herﬁ 6] = 1
(Johnsen et al., 2001). The drawdown of the ice surface at (271)% 21y
the Summit core location in Fig. 8a and b~s450 m and 5 =
~ 60 m, respectively, consistent with ice core data (Raynaud « exp{—} (01 M1> } (11)
etal., 1997). In contrast, Fig. 8c shows little change from the 24— 20; ’
modern-day ice sheet extent with an increase-& m at
the location of Summit. whered; is the value of each parametgro; is the standard
deviation for each parameter apg is the mean for each
3.2.2 Probabilistic assessment of GrIS contribution to  parameter range (see Table 1). A comparison of the derived
the LIG highstand probability density function between Gaussian and uniform
prior probability distributions indicates the choice of prior
It is possible to derive a probabilistic assessment of GrlSprobability distribution does not have a notable affect on the
contribution to LIG sea level rise by considering the LIG outcome of the overall probability density function.
palaeo-evidence of the GrIS geometry, uncertainty in ice Subsequently, the posterior probability distribution of the
sheet model parameterisation and the ability of the ice sheeénsemble and the associated maximum LIG sea level contri-
model to reproduce the modern-day ice sheet. In this sectiobution are used to construct a probability density function us-
we outline our probabilistic method followed by an assess-ing a kernel density estimator (Wand and Jones, 1995; Bow-
ment of the likely contribution of the GrlS to LIG sea level man and Azzalini, 1997). A probability density function is
rise, including a sensitivity analysis to the method used.  a function that describes the relative likelihood of a variable
(in this case maximum sea level change) to take on a par-
ticular given value. The probability for the variable to fall

Probabilistic method within a particular region is given by the integral of this vari-
able’s density over the region. A kernel estimator is a non-

From Bayes' theorem for a continuous distribution, parametric way of estimating the probability density function
of a particular variable and is closely related to a histogram.

P[O|Y]x P[O]P[Y6]; (8) Unlike a histogram, a smooth kernel function rather than a

discrete box is used and each of these is centred directly over
the posterior probability distributionP(¢|Y]) is proportional ~ each model output in order to remove the dependence of end
to the prior probability distribution #[6]) multiplied by points of bins which occurs using a histogram method (Wand
the likelihood function P[Y|6]). The likelihood function, and Jones, 1995). In this way the kernel estimator smoothes
P[Y|0], is calculated for each member of the ensemble fromout the contribution of each observed data point over a local

www.clim-past.net/9/621/2013/ Clim. Past, 9, 62639 2013



632 E. J. Stone et al.: Quantification of the Greenland ice sheet contribution to LIG sea level rise

Fig. 8. Simulated range from the selected experiments for the minimum GrlS geometry during tfee-diand their respective modern-day
GrIS geometriege—h). (a) Extent of the GrIS for the maximum contribution (at 121.0 ka) to LIG sea level chapg& (), (b) the extent of

the most likely contribution (at 123.5ka) to LIG sea level changk.b m),(c) the extent of the minimum contribution (at 125 ka) to LIG sea
level change+0.4 m) andd) minimum extent for the ensemble member with a maximum GrlS contribution to LIG sea level rise closest to
the peak of the probability density plot in Fig. 16a1(.5 m). Red spots show Greenland ice core locations.

neighbourhood to that data point. The kernel density estimaabout zero. In this case we implement a normal density

tor at any point’, g (Y), is of the form function( K (V) = —t_¢—2"?
2
. 1 Y —Y; The choice ofh is important since structure in the data
g¥)=— DK < N ) (12)  can be lost by over-smoothing. Scott (1992) shows that the
i-1

reference rule bandwidth with a normal kernel is
wheren is the number of ensemble membeks,is a func- _ 15 . _1y5 ~ _1/5
tion satisfying [ K (Y) dY =1, the kernel, whose variance h= (4/3) an ~1.065n ’ (13)
is controlled by the parameteh, (usually known as the whereé is the sample standard deviation, in this case for
window width or smoothing parameterk. is chosen to be maximum LIG sea level, and is the sample number. Alter-
a unimodal probability density function that is symmetric natively, we can choose a kernel width based on the modern
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ber ensemble of modern-day GrlS sea level equivalent height. The

red line denotes the observation from Bamber et al. (2001). The disFig- 10. A probabilistic assessment of the GriS maximum contri-
tance x represents the difference between the mean of the ensemgition to sea level change during the LIG without the NEEM ice
and the observation. The grey line shows the probability densitycore location constrair{a—b) and assuming ice is present through-
function with no smoothing. The black lines show the cases wheredUt the LIG at the NEEM ice corgc—d). (a) Probability density

the smoothing parametér, results in a probability density function ~ Plot. The hashed region denotes the 90 % confidence interval (0.3

where x= o (solid), x= 1.5¢ (dotted) and %= 25 (dashed). to 3.6 m).(b) Exceedance values for the probability distributitm).
Probability density plot when the NEEM ice core data is included

(90 % confidence interval: 0.3 to 3.2 nfjl) Exceedance values for

ice sheet volume ensemble distribution. Figure 9 shows kerthe probability distribution with the NEEM ice core data included.
nel widths that result in the measured ice volume lying 1, 1.5"/hen the NEEM ice core data is included there is a 90% prob-

and 2 standard deviations away from the mean of the ense ability of a GrIS contribution exceeding 0.6 m during the LIG, a
y nb? % probability of exceeding 1.2 m, a 50 % probability of exceed-

bIe.. I_n this way the sr_noothmg parameter account_s for th ng 1.6 m, a 33 % probability the contribution exceeded 2.0 m and a
additional uncertainty in the ice sheet model resulting from o, probability it exceeded 2.8 m.

overestimation of the modern-day GrlS volume (see Fig. 6a).

Probabilistic results and sensitivities contribution range varies from a maximum of 0.2—4.7m to
a minimum of 0.5-2.4 m depending on the parameters cho-
From the ensemble of 500 simulations, we have derivedsen in the formulation of the density function which takes
a probabilistic assessment of the likely contribution from into account ice sheet model uncertainty. There is a 90%
the GrIS to LIG sea level change (Fig. 10) with the uncer- probability of the GrIS contribution exceeding 0.6 m during
tainty in the ice model parameter distributions, modern-daythe LIG and a 67 % probability of exceeding 1.3 m. How-
GrlS observations and the location of the palaeodata conever, it is unlikely « 33 % probability) the contribution ex-
straints taken into account. Although the maximum contri- ceeded 2.2m and very unlikely<(10 %) that it exceeded
bution from the selected ensemble is 3.8 m, Fig. 10a show8.2m (Fig. 10b). Compared with estimates of the LIG sea
that the most likely maximum GrIS contribution to LIG sea level highstand (Rostami et al., 2000; Muhs et al., 2002;
level change is 1.5m with a 90 % probability that the max- Kopp et al., 2009; Dutton and Lambeck, 2012) exceeding
imum contribution falls between 0.3 and 3.6 m. Figure 8d4 m, we find that sources other than the GrlS are required
shows the Glimmer simulation ice extent which most closelyto account for this high sea level, such as the West Antarctic
matches the 1.5-m sea level contribution for the LIG de-Ice Sheet (Scherer et al., 1998; Huybrechts, 2002) and/or the
rived from this probability density function. This simulation Canadian ice fields (Otto-Bliesner et al., 2006).
shows a similar pattern of retreat to the ensemble member In order to assess the sensitivity of our probability density
with the highest skill-score: predominantly from the north function to various uncertainties in its construction, we first
and south-west (Fig. 8c). We further show that the maximumexamined the effect of varying the kernel width. Figure 11a
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shows the case where the kernel width is applied to the-a

o

LIG for the optimal width (0.40m according to E4.3) o o
and the modern-day observation lying one<{1.50m)and | | h=039m No weighting
two (h = 0.75 m) standard deviations away from the modern _ °°[ = |T__pllaem|| . *° oom”
modelled ensemble mean. Although the peak of the prob-: £ o4 2 o4t
ability density function does not change, the upper tail is 3 s > 03
sensitive to the kernel width with a very unlikely sea level ;5 o 2L g ol
contribution exceedance ranging between 3.1 and 4.1 m. The | { N+ &
case with the optimal kernel width assumes the anomaly ir 01 LN 01
ice volume between the LIG and present day being biaset ol&i . ™~ | ol s P—
in a consistent way. The alternative extreme scenario is the Jaximuzm sea .ivm Chinge (,ff) ﬁaximufn sea évd Chinge (,ﬁ)
case where the uncertainty in the anomaly is equivalent to thi¢ I ' ' ' ' d 06 ' ' ' '
model error such that the modern-day ensemble lies only ont — -~ -10m ' ——00m
standard deviation away from the observatifor=(1.50 m). o Solem o oy
We choose a kernel width of half this width, 0.75m, as our & o4 - —-10m)] G g4l ——o04m |]
most plausible case, described above and shown in Fig. 10. f‘;’ 03 AN § 03

In addition to assessing the effect of varying the kernel 3 K \ 3
width, we also variedr (Fig. 11b), the observational error § 0.2r ! ‘\‘ § 02r
on modern-day ice thickness)((Fig. 11c) (both given as in- o1} 1 N 01
putin Eq.7) and the width of the logistic function (Fig. 11d). |+, . . .
Figure 11b shows that whenis equal to zero the peak of the i sea vl Chgnge ( nf) i sea vl Chgnge ( nf)
probability density function coincides closely with the sim- e f
ulation with the highest skill-score. The spread shown is a ¢ NG 08 —
result of the kernel smoothing method used. When all simu- o} S
lations have equal skill (equal weighting) the probability den- g 04l - gf o8y . ]
sity function shows a similar response to wheis equal to 3 a 3 B
the RMSE of the median experiment. With regard to observa-% 03 % 04 Y
tional error, the vertical accuracy of observational ice thick- g o2 £ . \
ness is between 10 and 100 m (Bamber et al., 2001; Layberr™ | \ 1o I\
and Bamber, 2001), while Bogorodskiy (1985) reports that a \ ,’ ‘\ X

typical radar-sounding survey has an inherent uncertaintyo  ° o 2 4 & s o 2 4 & s

about 15m for ice depth measurements. Figure 11c show. Maximum sea level change (m) Maximum sea level change (m)
that the observation error between 10 and 100m makes npiy 11 sensitivity of the LIG GrS sea level contribution prob-

noticeable change to the overall probability density function.abi”ty density function to(a) the kernel smoothing parametr,
Therefore, we use a value of 15m. Finally, in terms of the potted line: optimal smoothing parameter according to E@).(
variability in the logistic function, Figure 11d indicates that Solid line: smoothing parameter where modern-day observation is
the choice of the logistic width parameter does show someo from the ensemble mean (chosen as the most plausible case).
sensitivity for the upper tail of the probability density func- Dashed line: smoothing parameter where modern-day observation
tion. For the most plausible case a value of 0.2 m is selecteds 1o from the ensemble mea(b) The model errorg, in Eq. (7).

We further tested the robustness of our skill-score on thel€) Observational ice thickness error £ 10, 15, 50 and 100m)
resultant probability density function by modifying Eq. (7) from the Ba_rr_1ber et a_l. (2001) data set. Theln_sensmwty qfthe resul-
such that: = 1 and using only the average ice thickness astant probability density function to the range in observational error

. . . . .. tested means that the lines are indistinguishable from one another
our metric. Figure 11e shows that this makes very little dif- in the figure.(d) The logistic function given by Eq10) (iy = 0.0,

ference to the probability density function. - 0.1, 0.2 and 0.4 m)e) Comparison of two different methods of cal-
We also assess the effect of including an additional con-yating the skill-score such tha () takes into account the error

straint on minimum GrIS contribution to LIG sea level de- in ice thickness at each grid-point whilg (9) uses the average ice
rived from palaeo-sea-level data. According to the global seahickness of the whole ice sheet. The parameters highlighted in bold
level estimate for the LIG derived by Kopp et al. (2009) the are those used for the most plausible case shown in Fig(f)J&e
distribution suggests a 95 % probability that the GrIS reachedesultant probability density function (using the default parameters)
a minimum at which it was at least 2.5m of equivalent seawhen the constraint that the GrIS contributed at least 2.5 m to global
level smaller than today. By including this constraint we Sea level (estimated from Kopp et al,, 2009) is taken into account.
show a shift in the probability density function with a peak A '09istic function (with a width of 0.2m) on the lower tail of the
contribution estimate of 3.2 m closer to the estimate of manyprobablllty density function is applied to constrain the minimum

t studi Fig. 11f H thi timate is b d GrlIS to sea level rise at 2.5m. The most plausible scenario is also
recent s U |e_s (Fig. . ) However, this es |_mq € IS based ol by the solid line (note the different y-axis scale).
a probabilistic analysis of local sea level indicators where
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the prior and posterior probability distributions are assumedmodels, has been shown by van de Berg et al. (2011) to sig-
to be Gaussian. The authors urge caution when interpretingificantly underestimate melt for simulations which include
Northern Hemisphere ice volume from the posterior distri- LIG insolation forcing compared with an approach which
bution as it can only be approximated using a Gaussian betakes insolation and albedo explicitly into account (Robin-
cause it has a definite upper bound of 7 m constrained byson et al., 2010). Van de Berg et al. (2011) show that surface
the amount of ice in the Northern Hemisphere available tomelt is affected not only by higher ambient temperatures but
melt today. As such, we do not use this constraint in the ma-also directly through stronger summertime insolation and as-
jority of our analysis, but we use it here as an example ofsociated non-linear feedbacks (melting snow absorbs twice
what this constraint would do to our probability distribution, as much solar radiation as dry snow). Temperature—melt re-
if future analysis did confirm this initial minimum estimate lationships assume a fixed relation between near-surface air
from Kopp et al. (2009). Furthermore, new results from thetemperature and melt rate, but this relation is also depen-
NEEM ice core project (NEEM community members, 2013) dent on insolation and, therefore, changes in orbital forcing
suggest that no more than 2-m sea level rise could come frorparameters and the latitude. In essence, the PDD scheme fails
the GrlS, lower than this minimum suggested by Kopp etto capture north—-south melt gradients driven by insolation
al. (2009). gradients. As a result, inclusion of this process could melt
In order to test the robustness of the coupling methodologythe GrIS further back during the LIG. Future improvements
we performed an ensemble of simulations where only twoto the PDD scheme could be to use PDD factors which are a
modelled climates (with and without the GrIS) were used infunction of insolation change.
the coupling method illustrated in Fig. 4. We found that al-  Fourthly, our climate model simulations did not include
though this increased the number of accepted simulations iinteractive vegetation. Inclusion of this feedback could par-
did not result in a notable difference in the overall structuretially explain the mismatch between data and model in terms
of the probabilistic distribution of GrIS contribution to LIG of Arctic temperature response to enhanced solar insolation.
sea level (see Fig. S3). Indeed, previous work with HadCM3 has shown that vegeta-
Finally, the very recent NEEM ice core drilling project tion feedbacks can have a significant impact on the evolution
(NEEM community members, 2013) suggests that ice per-of the GrIS (Stone and Lunt, 2013). In addition, other previ-
sisted throughout the LIG at this location, allowing the GrlS ous modelling studies have highlighted the positive feedback
contribution to LIG sea level rise to be constrained further from vegetation changes in response to increased solar inso-
(61 accepted simulations compared with 73 when NEEM islation during the Holocene and LIG (e.g. Foley et al., 1994;
not included) with values very likelyx90 % probability)  Harrison et al., 1995).
greater than 0.5 m but very unlikely<(10 % probability) Fifthly, and perhaps most critically, the majority of the en-
greater than 2.8 m (see Fig. 10c—d). semble have an associated modern ice sheet which is too
large (Fig. 6a—b), a feature of many ice sheet models (Ritz
et al., 1997; Ridley et al., 2005; Robinson et al., 2011). This
4 Discussion and conclusions is partly due to additional ice at the margins not captured
in the ice surface extent observation (Bamber et al., 2001),
There are several caveats that should be discussed in the cowhich includes only the contiguous ice sheet. In common
text of this study. Firstly, the uncertainty in dating basal ice with many other studies (Lhomme et al., 2005; Robinson et
limits to an extent the usefulness of this binary criterion. With al., 2011), we assume that the predicted LIG volume anomaly
the advent of improved ice cores (such as NEEM) in the fu-with respect to the predicted modern one is more robust. This
ture it may be possible to preferentially weight the skill to- is because the overestimation of volume, which is thought
ward these ice cores. In the future other aspects of the newo result from the lack of higher-order terms in the ice flow
ice cores could also be used for model evaluation, e.g. downequations, is likely to affect both modern and LIG ice sheets
core temperature profiles. However, uncertainties associateth a consistent manner. The omission of basal sliding may
with these observations are currently quite large. also result in simulations being biased towards higher val-
Secondly, these results, of course, are somewhat limited byes for modern ice volume. However, in order to account for
the absence of climate model uncertainty. We use only onehis potential bias, we choose a plausible probability density
model where we linearly interpolate between three possibldunction that takes into account this uncertainty. The skill-
LIG climate states. It is difficult to estimate the uncertainty score used to generate the probability density functionTEqg.
in the LIG climate since there is only limited palaeodata for does also ensure that the simulations which have the best rep-
this time. Future work could assess the impact of structuraresentation of the modern ice sheet contribute most to the
climate model error on LIG sea level change as part of theprobability density function.
next phase of PMIP. We observe substantial retreat of the GrlIS in the north,
Thirdly, the PDD scheme used in calculating the surfacewhile the ice sheet remains relatively stable in the south in
mass balance, although efficient as it only needs temperatureontrast with many previous studies using a different forcing
as an input and does not require the use of regional climatenethodology (e.g. Cuffey and Marshall, 2000; Tarasov and
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Peltier, 2003; Lhomme et al., 2005). One fundamental dif-a full probabilistic analysis to effectively take into account
ference between LIG ice sheets derived using climate forcrobust skill-scores based on simulating the modern-day GrlS,
ings reconstructed from ice core records (e.g. égilly efforts should be directed at improving the existing ice sheet
et al.,, 1991; Cuffey and Marshall, 2000; Lhomme et al., model physics and representation of fast-flowing processes
2005) compared with a GCM is that the forcing fails to cap- in models used by the palaeoclimate community whilst still
ture changes in atmospheric circulation patterns, precipitaminimising computational costs.
tion changes and the heterogeneity of climate trends over
Greenland. Figure S4 illustrates the temperature anomaly
patterns over Greenland due to insolation changes and preSupplementary material related to this article is
Cipita’[ion anomalies as a result of Changing orography in theﬁVﬂi'ab'e online at: http//WWWCIlm-pastnet/9/621/2013/
GCM, clearly demonstrating the spatial heterogeneity of cli-Cp-9-621-2013-supplement.pdf
mate trends over Greenland. The failure to capture these pro-
cesses using the ice-core-derived climate forcings is because
the method uses the present-day temperature pattern whiokcknowledgementsThis was work was carried out with funding
is perturbed by a spatially homogenous anomaly of temperaffom a NERC studentship and the European project Past4Future.
ture derived from proxy data reconstructions (eg the GR|PThIS is Past4Future contribution no. 28. The research Ieading to
ice core record). Precipitation anomalies are simply calcuythese results has received funding from the European Union's
lated using a standard relationship where precipitation is &>¢venth Framework programme (FP7/2007-2013) under grant
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