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Abstract. Using a new approach to force an ice sheet model,1 Introduction

we performed an ensemble of simulations of the Greenland

Ice Sheet evolution during the last two glacial cycles, with Prediction of the future response of the Greenland Ice Sheet
emphasis on the Eemian Interglacial. This ensemble wa§GIS) to global warming is of great practical importance
generated by perturbing four key parameters in the couplegince the GIS can contribute up to 7m to global sea level
regional climate-ice sheet model and by introducing addi-fise. On short (centennial) time scales, the response of GIS
tional uncertainty in the prescribed “background” climate is primarily controlled by changes in surface mass balance
change. The sensitivity of the surface melt model to cli- (Which can now be modeled relatively accurately) and by
mate change was determined to be the dominant driver ofhanges in fast flow (which is still poorly understood). On
ice sheet instability, as reflected by simulated ice sheet los§illennial time scales, when the GIS can lose a considerable
during the Eemian Interglacial period. To eliminate unrealis- portion of its volume, the situation is additionally compli-
tic parameter combinations, constraints from present-day angated by a number of climate-ice sheet feedbacks. Explicit
paleo information were applied. The constraints include (i) Simulation of all of these processes requires the use of fully-
the diagnosed present-day surface mass balance partition beoupled, high resolution Earth system models, which is still
tween surface me|ting andice discharge atthe margin, (||) thémpractical on this time scale. In addition, information about
modeled present-day elevation at GRIP; and (iii) the mod-the present-day GIS does not provide sufficiently strong con-
eled elevation reduction at GRIP during the Eemian. Usingstraints on its long-term evolution. Therefore, a study of past
these three constraints, a total of 360 simulations with 90climate changes, and the response of the ice sheet to these
different model realizations were filtered down to 46 simu- changes, could help improve and better constrain ice sheets
lations and 20 model realizations considered valid. The pamodels.

leo constraint eliminated more sensitive melt parameter val- The Eemian Interglacial (ca. 130-115ka BP) was charac-
ues, in agreement with the surface mass balance partition aerized by high maximum summer insolation and warmer
sumption. The constrained simulations resulted in a rang&onditions in the high latitudes of both hemispheres. Paleo
of Eemian ice loss of 0.4-4.4m sea level equivalent, with adata suggest that sea level was higher than today by 4-6m
more likely range of about 3.7-4.4m sea level if the GRIP (Overpeck et a).2006), or even as much as 6-8 ridpp

8180 isotope record can be considered an accurate proxy fogt al, 2009. These numbers suggest a considerable con-
the precipitation-weighted annual mean temperatures. tribution from both the Greenland and Antarctic ice sheets.

At the same time, the presence of Eemian and older ice in
several ice cores indicates that a large portion of the GIS sur-
vived the Eemian Interglacial. Moreover, gas concentrations
in Eemian ice from the Greenland summit can be interpreted
to show that the height of the summit was not much lower
during the Eemian compared to the present drgyhaud

Correspondence toA. Robinson et al, 1997. These data can potentially provide useful con-
BY (robinson@pik-potsdam.de) straints for ice sheet models.
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A number of attempts to simulate the response of the Earth system models of intermediate complexity (EMICs,
GIS to Eemian climate conditions have been made withClaussen et gl2002 are useful tools for the study of the evo-
different models and approachdsefréguilly et al, 1991 lution of ice sheets on millennial to orbital time scales, since
Cuffey and Marsha/l200Q Huybrechts2002 Tarasov and some of them (like CLIMBER-2Petoukhov et al.2000
Peltier, 2002 2003 Greve 2005 Lhomme et al.2005 Otto- are computationally efficient enough to be run through the
Bliesner et al.2006. These works reveal large uncertainties glacial cycles (e.g.Bonelli et al, 2009 Ganopolski et al.
in the simulated contribution of the GIS to the sea level high-2010 and the only required boundary conditions are read-
stand during the Eemian Interglacial, ranging from almost noily available information: Earth’s orbital parameters and the
contribution to over 5m sea level. The main problem with atmospheric concentration of greenhouse gases. The prob-
simulating the ice sheet’s evolution during the Eemian Inter-lem is, however, that this type of model has a very low spa-
glacial is the definition of surface boundary conditions for tial resolution and it can neither accurately simulate the re-
the ice sheet model. At a minimum, the ice sheet modelgyional climate over the GIS, nor the feedbacks associated
require prescription of the seasonal variations of temperawith the melting of the ice sheets. To overcome this problem,
ture and precipitation when using the standard positive dewe have developed a regional energy and moisture balance
gree day approach. However, not only do the Greenland icenodel (REMBO,Robinson et a).2010, which produces a
cores lack continuous records of temperature and precipitaphysically-based downscaling of the climate over the GIS us-
tion through the entire Eemian Interglacial, they also do noting a present-day climatology, and anomalies simulated by a
extend any further back in time. Simulation of the GIS re- coarse resolution climate model. Unlike most previous stud-
sponse to Eemian climate conditions also requires data fronies, we have replaced the traditionally used positive degree
the previous glacial cycle to properly initialize the ice sheet.day (PDD) melt scheme with a surface melt scheme that ex-
In addition, even the existing record only provides informa- plicitly accounts for changes in insolation. The latter is cru-
tion about precipitation-weighted temperatures (annual meauial for simulation of the Eemian Interglacial when summer
temperatures weighted more heavily for months with higherinsolation was much higher than at present.
precipitation), while models require annual mean and, even The aim of this study is to investigate whether existing pa-
more importantly, summer temperatures. Several attemptieo data from the Eemian Interglacial, in conjunction with
have been made to construct the temporal evolution of cli-present-day data about the GIS and its mass balance, pro-
matic forcing by combining Greenland climate reconstruc- vide sufficient constraints on the choice of model parameters
tions for the last glacial cycle and Antarctic ice core recordsand the GIS contribution to the sea level high-stand during
for the penultimate glacial cycl€(ffey and Marshal200Q the Eemian Interglacial. To this end, we performed an en-
Huybrechts2002 Tarasov and Peltie2003 Greve 2005. semble of simulations of the GIS over the last two glacial
Although the Greenland and Antarctic temperature recordscycles by varying two ice sheet model parameters, one melt
do bear a certain similarity, this is still a rather crude ap- scheme parameter and one regional climate model parameter
proach, since both the magnitude and temporal dynamics offour model parameters in total). In addition, we varied the
temperature changes in the high latitudes of the northern anchagnitude of the Eemian background warming. Present-day
southern hemispheres differed considerably. Moreover, th@bservations and paleoclimate data have been used to select
most crucial characteristic of summer temperature anomaliethe subset of model versions that is consistent with empirical
at the margins are not well constrained by the existing iceconstraints.
core records. In particular, th#80 content of Eemian ice
may have been affected by both changes in surface elevatiop Model setup and experimental design
and the seasonality of precipitatiojo{izel et al.1997. This
approach also does not explicitly account for the additionalThe coupled REMBO-ITM-SICOPOLIS model used in this
effect of insolation changes, which are of comparable impor-study is identical to that described Bpbinson et al(2010),
tance to temperature changes on the surface melting of ice fagxcept for a slight modification to the surface albedo param-
this period Robinson et a).2010. A coupled climate model eterization (see Appendix A). A brief description of the main
(with an additional downscaling procedure) can provide allcomponents is provided below.
necessary climate information needed to force an ice sheet REMBO (Regional Energy-Moisture Balance Orographic
model, but running coupled GCMs through the whole glacialmodel) produces daily climatological fields of temperature
cycle, or even just for the interglacial period, is still compu- and precipitation for Greenland with 100 km resolution.
tationally too expensive. Until now, only a time-slice simu- Monthly ECMWF Reanalysis data (ERA-40) of 2-m tem-
lation has been used to force a model of the GIS in this wayperature and relative humidityJppala et al. 2005, aver-
(Otto-Bliesner et a).2006. However, the GIS has a multi- aged over the period 1958-2001 and linearly interpolated
millennial time-scale response to climate change and the cliin time to produce daily fields, are used as boundary con-
mate did not remain constant during the interglacial. Such arditions around Greenland. In a previous analy&tspin-
approach also does not solve the problem with the initializa-son et al.(2010 show that REMBO is able to capture the
tion of the GIS at the onset of the Eemian Interglacial. present-day seasonal cycle of temperatures over Greenland
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and that it improves the fit with observations as compared to
conventional bilinear parameterizations. While the precipi- 560
tation field mismatches observations in several local areas. 520
the large-scale field is correct in scale and sufficient enough 4g9
for long timescale simulations. This lends confidence to the ,,,
idea that present-day climatic forcing is fairly accurate, and
that the energy reaching the surface determined by the mode
would not be far from reality.

The daily temperature and precipitation output from
REMBO is used to determine the surface mass balance of 200
the ice sheet and the evolution of surface albedo via the 150
surface mass balance model ITM (Insolation-Temperature
Melt). ITM represents an alternative to the commonly used
PDD (Positive Degree Day) approadbréithwaite and Ole- 0
sen 1989 Reeh 199]), in that both are computationally effi-
cient and semi-empirical. However, ITM has a more physical
basis that provides two advantages: it explicitly accounts for 100
short-wave radiation (while PDD does implicitly, via differ-
ent melt coefficients for snow and ice); and, since it incorpo-
rates a simple snowpack model, it has a memory which the
standard PDD scheme does not. The ITM model is tuned
to use climatological fields of temperature, precipitation and
insolation at the top of the atmosphere and is driven by the
elevation-corrected output of REMBO. ITM simulates sur-
face mass balance and mean annual ice sheet surface tempe
ature on the same grid used by the ice sheet model. Time (ka)

The ice sheet model used for these simulations is
SICOPOLIS, version 2.9Greve 1997ab). It is a 3-D ther- Fig. _1. Examples of fprcing used_for simulations of the Iagt two
momechanical ice sheet model based on the shallow ice apg:aclalgécles:(a) rr:axtl_mun? )50'?rb'”f°'at'°'; at lew; (b) Tq“f“"

. . P alen concentration; (C opal sea level anoma rom
proximation (SIA) and it is comparable to other SIA modgls SPECMAP:(d) Summer (June-%uly-August averaged) ter¥1perature
(e.g.,HuybreCht_s et a,|.199:|)_ SICOPO.LIS has t_)een used in nomaly prescribed at the boundaries of Greenland.
numerous studies of ice sheet evolution both in the past angl1
future (e.g.Greve 200Q 2005 Calov et al, 2002 2005. It
is run on a 20 km resolution grid and is forced from abovea proximately 20C cooler than today and the Eemian Inter-
by the annual surface mass balance and surface temperatUé acial was ca. 2C warmer than today,
fields obtained from REMBO. At the base of the ice sheet, : :

. . . To force the transient simulations performed here, we used
the geothermal heat flux is prescribed, and the I|thospher(%he same insolation at the top of the atmosphere (July in-
deforms locally with a time lag of 3 ka.

) . . . lation N is shown in Fig.1 n illustration) an
In this study, we use the results of transient S|mulat|onsso ation at 65N is sho g.1a as an llustration) and

f the last t lacial | ; d with the int di equivalent CQ concentration (Figlb) as in the CLIMBER-
gte forisleg? grr?gtljael Cgfli/?BF::_eI;-oeroe dr\i/://Ie RE(la\/Illg g”‘f‘rﬁe“ 2 run. The boundary temperature field of REMBO was mod-
model agd exTaerimentaI setup is identical to that déscribeéﬁed by adding the spatially uniform, regional monthly tem-
by Ganopolski et al(2010, except that here we only ap- geratllj_re anlom'alyl (f:prlrcljputid by CLII\{IBER-Z to'the_preﬁent-
ply the results from the last two glacial cycles. CLIMBER- ay climatological fields (the anomaly time-series is shown

2 (Petoukhov et a).2000 is a coarse-resolution EMIC that n Flg.' 1d). We assume_d no changes (compared to the present
has been shown to produce a realistic present-da climateday) in relative humidity at the Greenland borders. Anal-
climate sensitivit Gzno olski et al 200p]) and chgn es ysis of the CLIMBER-2 output shows that relative humid-
) . y P . ' -hang ity around Greenland changed by a maximum of 5% during
in climate over the last glacial cycleG@nopolski et aJ.

2010. The CLIMBER-2 simulation was forced by vari- glacial cycles, while during the Eemian, it dn‘fe'red negligi-
. . : . . bly from that of the present day. The anomalies from the
ations in Earth’s orbital parameters, computed following

Berger(1978 and by a prescribed time-series of the equiv- CLIMBER-2 simulation provide us with self-consistent, re-

. ) . gionally relevant time-series and enable us to avoid prob-
alent atmospheric Cpcpncentrgtlon. The resultmg global .lems involved with relying on discontinuous oxygen isotope
temperature anomaly time series agrees well with paleocli-

. . records.
mate reconstructions, in that, for example, the Greenland an-

nual temperature at the Last Glacial Maximum (LGM) was

Max. insolation 65°N (W/m?) a

Equiv. CO, conc. (ppm) b 300
250

Sea level anomaly (m) c

Greenland JJA temp. anomaly (°C) d |

LL&moo
[6; N =)

-250 -200 -150 -100 -50 0
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Changes in sea level were prescribed using an approprithus indicates the present-day balance between runoff and
ately scaled SPECMAP time-seriebnprie et al, 19849, ice discharge. The benefit of using this ratio is that (1) it
shown in Fig.1c. The ice sheet extent was limited to ar- eliminates biases in the absolute values that result from dif-
eas above the contemporaneous sea level. We found that ttierent ice sheet surface area masks, (2) allows an analysis of
inclusion of sea level changes allowed more ice to grow durthe reasonable sensitivity range of the surface mass balance
ing the glacial periods, but it played only a small role in the model without incorporating additional uncertainty from the
evolution of the ice sheet in warmer periods. Nonethelessjce sheet model or paleoclimate forcing and (3) keeps the fo-
we included sea-level adjustments to the margin to allow forcus on the partition between surface mass balance and ice
its effect on total volume. Note that sea level changes moddischarge. We believe the last consideration is especially im-
eled by CLIMBER-2 agree favorably with the SPECMAP re- portant for properly estimating the correct sensitivity of the
construction and, in principle, could instead have been usedte sheet to long-term climatic forcing. We also found that
to drive the ice sheet model without any appreciable differ-the values of the surface mass balance partition for the mod-
ences. eled present-day ice sheet topography are rather similar to

All simulations began at 250 ka BP and were run until the those obtained using the prescribed actual topography. We
present. The ice sheet model was initialized with the presenthave used the latter values to eliminate additional biases re-
day GIS topography frorBamber et al(200]) and the stan- lated to the ice sheet model, but this criterion appears to be
dard set of model parameters as initial conditions. Since theobustin this sense. Furthermore, it should be noted that such
model was run for more than 100 ka before the Eemian In-a criterion implicitly assumes that the distribution of melt and
terglacial, there should be no dependence on the choice girecipitation is largely correct. REMBO has been validated
initial conditions. against present-day observations and compares well to re-

sults from regional climate modelR¢binson et a).2010.
For the present-day GIS, several estimates from regional
3 Modern and paleo empirical constraints climate models (RCMs) show that positive surface mass bal-
ance should account for about 50% (ranging from 48—63%)
Assuming that the climate obtained from REMBO is fairly of the total incoming precipitationBpx et al, 2006 Fet-
well represented but other processes (such as fast flow in thsveis, 2007, Ettema et a.2009, while the remaining incom-
ice sheet model) are ignored, we believe that there are theing mass is lost via runoff. These results do not necessarily
at least two aspects of the ice sheet that are possible to modehcompass the range of all possible values, and furthermore
with reasonable certainty and that can provide informationour approach does not account for all physical processes at
about the sensitivity of various model parameters: the diagthe surface (e.g., blowing snow or evaporation). Thus, we
nosed, present-day partition of GIS mass balance betweeallow for additional uncertainty by choosing the range 40—
surface melting and ice discharge into the ocean (i.e., calv65%.
ing), and the elevation (and elevation changes) of the summit
of the GIS. Arguably, both of these characteristics are less3-2 Present-day GRIP elevation
affected by the lack of fast ice streams, ocean interaction and ) .
low resolution than the spatial extent and the volume of the! '€ Present-day summit elevation at GRIP (K3 38" W,
GIS. 3230m) is a robust feature of the ice sheet that provides a
In addition, we would like to explore the possibility of us- usefu! constralnt.for our ensemble.' Because'lt 'S Iocateq n
ing available paleoclimate information from the Eemian In- the m'dd'? of the ce sh_eet at essentially the thickest Iocz_;\tlon,
changes in this elevation reflect large-scale changes in the

terglacial to further reduce the range of possible combina- heet surf bal ther than hiahlv d .
tions of model parameters. This leads to the three constraint$® SNEEt surface mass baiance, rather than highly dynamic

used in this study, described below. changes that occur near the margiflidy et al, 2010. Ray-

’ naud et al(1997) indicated that even with a margin position
varying in the range of 100—200 km, no more than 100 m el-
evation difference is modeled. A similar sensitivity is also
reflected in our own simulations. Although biases in simu-

The first constraint is the estimate of the present-day parti . >
tion between GIS surface mass balance (SMB) and ice dislated accumulation at the summit can affect the modeled ele-
ation, the precipitation field obtained from REMBO agrees

charge into the ocean for the fixed topography of present-da% ) X i ,

Greenland. As we do not explicitly model calving (ice that est with observations for the large-scale field over the in-
flows into the ocean is simply considered to have calved) terior of the ice sheet. Indeed with several combinations of
we use the ratio of diagnosed surface mass balance to tr;@odel parameters, it is possible to model the summit location

total precipitation over the GIS. Since the SMB is positive and elevation correctly. Thus, as a second constraint, we as-

and the present-day ice sheet is thought to be in equilibriumSUme t'hat the present-day GRIP elevation should be obtained
this mass is eventually lost to ice discharge, while the re-t0 Within=100m.

maining mass is lost via surface runoff. The proposed ratio

3.1 Present-day surface mass balance partition

Clim. Past, 7, 381396, 2011 www.clim-past.net/7/381/2011/



A. Robinson et al.: Greenland ice sheet model parameters constrained using the Eemian 385

3.3 Eemian GRIP elevation Table 1. All parameter values used to generate the ensemble of

. . .model versions.
The ice core drilled at the Greenland lce Sheet summit

(GRIP, 1993 provides important information that can be
used to further constrain the paleo simulations. A reliable

Parameter  Units Values Description

time reference for this ice core cannot be determined for ice 29%° W(Va”;ai Sf(’) 635' 720 Gsﬁi‘:i:zrg;' :s:]fnféfgm
older than ca. 100ka, which is likely due to stratigraphic . Wm2  _45 50 55  |TM constant

folding of the ice Alley et al, 1995. However, the total gas —60, 65

contentin the ice core for the Eemian period is comparable to «, kgs! 8.4€5, 9.8e5 Moisture diffusion constant
that of the Holocene, with slightly higher values also present /o - 1.0,15,2.0,2.5 Paleo anomaly factor

(Raynaud et a).1997. This indicates that the minimum el-

evation of the GRIP location during the Eemian was very

likely no more than a few hundred meters less than that of

the present day, but there is also approximately 350 m of un#  Perturbed model parameters

certainty in the measuremenGuffey and Marshall2000.

Thus, an elevation loss greater than 300—600 m would be dif . . . .

ficult to explain. In this study, we apply the constraint that theSICOPOLIS_Were conS|d_ered as “kel)_/ fo contribute signifi-

elevation at GRIP was at most 400 m below present day, bu?ant unc.ertalnty to modeling the evolution of the GI_S through

we also test how choosing different values for this constrain the glacial cycles. (1) the geothermal_ heat flux f'?ld at the

affects the selection of valid ensemble members. ase of the ice §heet, (2) the basf”" sliding coeff|C|ent,.(3) a
Using the three constraints outlined above, we are able t(g_ire parametetr |r: _theRrEI\e/llthqutﬁtl?n,ﬁantd gﬁ) thte motlﬁtu;e

determine which model simulations are more likely to be re- musion constant in (that affects the strength o

alistic, and more important for the future stability of the ice Igrge—scale p_reqpne_mon). In addition, we ¢ ons!dered pos-

sheet, which model parameter combinations should be con§'ble uncertainties in temperature anomahe.s simulated by

sidered valid. CLIMBER-2. Namely, we changed the magnitude of warm-
ing around Greenland during the Eemian Interglacial. These

3.4 Additional possible paleoclimate constraints areas of uncertainty are discussed in detail below, and Table
provides a list of the parameters and the values used in this

It could also be possible to further constrain the ensemble usstudy.

ing information from other ice core locations, such as Camp

Century (77N, 61°W, 1890 m) or DYE-3 (65N, 4¥w, 4.1 Geothermal heat flux

24 . H del’ lution, lack of fast pro- ”
90™m). However, our modefs resolution, lack of fast pro T e geothermal heat flux (the lower boundary condition

cesses and spatially-constant boundary temperature anoma . .
P Y y P the ice sheet model in the bedrock) was set to a con-

means that we have less confidence in our ability to accu-

rately capture the behavior of the ice sheet in these locaStant value everywhere. Litte is known about the exact

tions. This is complicated by the fact that little is known values underneath the ice sheet, but the large-scale field is
with certainty about regions closer to the margin. For exam-"ke'y to be fairly uniform and recent estimates put the value

: : near 50 mW m?, with some variation around the margins
ple, DYE-3 may or may not have remained ice-covered dur- . N
ing the Eemian Interglaciall@nsen et gl2007% Alley et al, (Shapiro and Ritzwollg2004 Vinther et al, 2009. It can-

2010. Eemian ice layers do exist at the base, however oldef]Ot be. ruled Olft' hlc_)wzver, thalt) tlh's \t/ﬁlu%:; significantly
ice has not been found. Meanwhilg'80 anomalies indi- atrgir Itn fgrgg O_I(fa 1€ ar(ta?s the ow et int .(d;?hge' q
cate an elevation difference of perhaps 50Qohfisen et gl. stock et al.2007). To account for the uncertainty in the broa

2001 NGRIP, 2004, and DNA evidence from the silty lay- sense, Wezchose geothermal heat flu>_< values of 50, 60 and
ers beneath the ice sheet indicate that plant growth only oc-70 m_Wm‘ - The geotherm_al heat flux is one factor that de-
curred much earlier, perhaps during MISWilerslev et al, termines how .much .Of the ice shget pa.se Is temperate (at the
2007. The latter does not rule out the possibility of ice-free, pressure melting point) and thus is sliding at the base.
permafrost conditions at this location, as opposed to only4.2 Sliding coefficient

a reduced-thickness ice sheet. In light of the existing con-

troversy and our model's poor representation of these locaThe sliding law used in this study,

tions, we do not consider data from them as hard constraints.

Nonetheless, we will comment on the results from differentvs = ys 0 g H |V 1> V h, (1)
model versions for these locations.

Four of the most influential parameters in REMBO, ITM and

is a Weertman-type equation with a third-order dependence
on the gradient of elevation, whetg is the ice sliding ve-
locity, H is the ice thicknessyp is the density of iceg is

the gravitational force antd is the surface elevation. For our

www.clim-past.net/7/381/2011/ Clim. Past, 7, 3826, 2011
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purposes, the constapfwas chosen as the uncertain param- GIS. The parameters used in REMBO to determine temper-
eter varied in this study. Increasing this parameter has thature are tuned to match present-day observations, with both
effect of increasing the ice velocity at the base of regions ofannual mean temperatures and the seasonal cycle well repro-
temperate ice. This should occur mostly around the margingluced Robinson et a).2010. Therefore, no uncertainty was
and it acts to adjust the slope of the ice sheet. Higher valuesonsidered in the temperature equation itself; rather, uncer-
of sliding also generally decrease the total volume of ice.  tainty in the temperature forcing is represented via the paleo
factor (see below). To introduce uncertainty in the repre-
4.3 Melt model parameter,c sentation of precipitation by REMBO, we chose to vary the
strength of the overall precipitation field. This was achieved
The surface melt of snow and ice has been calculated in ITMyig the moisture diffusion constanty. By decreasing this
from a simple energy balance equatioarf den Berg etal.  yalue, less moisture at the boundaries was able to diffuse in-

2008, ward, decreasing the total amount of precipitation. Although

At this does not improve the local deficiencies of the model, it

Mg = L [ta(l—as) S+ c+ AT], (2) does allow adjustment of the large-scale field (especially over
m

the interior of the ice sheet), which plays a role in determin-
where the potential melt raté/s, is assumed to largely de- ing the total volume and the maximum elevation of the ice
rive from two main contributions. In the first term, represent- sheet.

ing incoming short-wave radiation at the surfagés the in-

coming solar radiation at the top of the atmosphexsés the ~ 4.5 Paleo climate forcing

transmissivity of the atmosphere amgis the surface albedo.

The transmissivity is assumed to be a linear function of ele-When performing paleo simulations using an anomaly ap-
vation Robinson et a)2010 and the surface albedo is calcu- proach, great uncertainty can exist, depending on the choice
lated following the method described in the Appendix. The ©f anomaly forcing. In REMBO, changes in precipitation are
second terne + T is a linear parameterization of the long- controlled by changes in temperature and elevation, while
wave radiation and turbulent heat flux, whétes the daily relative humidity is prescribed. This means that aside from
mean temperature andandc are constants. The choice of the prescribed variations in GGequivalent radiative forc-
derives from the empirical value of long-wave radiation ab- ing, the only anomaly forcing needed as input is for the tem-
sorbed by snow and ice, which corresponds to a melt rate operature field. We chose to prescribe a spatially-uniform
3mmuw.e. per degree (analogous to the choice of degree dalyonthly temperature anomaly at the boundaries of Green-
factor in the PDD approach, s&eeh 1991). The remaining land. The anomaly temperature time-series was determined
term, ¢, is then assumed to be a free constant parameter, thé the glacial cycle simulations of CLIMBER-2 ganopol-
value of which can vary widely depending on the domain in Ski et al.(2010. We obtained temperatures by averaging
question yan den Berg et 312008 and the albedo parame- values from the two CLIMBER-2 grid cells that encompass

terization used. Greenland for each month and interpolating these into daily
Robinson et al.(2010 determined that for model- Values forinputto REMBO. _ _ .
ing present-day conditions over Greenlang,—55 W 2 Our approach does not account for possible regional dif-

gives the best partition of surface mass balance componentéerences in temperature changes around Greenland, which
When performing equilibrium simulations fully coupled to Would introduce additional uncertainties into the analysis.
an ice sheet model, however, it was found that several value$CM simulations of the Eemian disagree about both the pat-
of ¢ could still produce a reasonable present-day ice sheet€ and magnitude of warming. In the absence of more in-
Therefore, in this study we chose to incorporate melt modeformation and to be consistent with previous modeling stud-
uncertainty into the ensemble via the parametailowinga  ies, we therefore applied a spatially constant anomaly to the
range of—45 to—65W 2. boundary temperature field.

We further considered that the parameterization of surface The maximum Eemian summer temperature anomaly in
albedo (as described Robinson et a).2010 is also imper- the “Greenland” grid cells simulated in CLIMBER-2 is just
fect and is likely the source of great uncertainty. However,under 2C (Fig. 1d). Due to its coarse spatial resolu-
several simulations combining various values of the melt pation, itis likely that CLIMBER-2 underestimates the amount
rameterc with changes to the surface albedo scheme show?f local warming over the GIS at that time. The CAPE
that the first order changes to surface albedo can be capturdfoject CAPE 200§ compiled a map of Eemian sum-

simply by changing the value of mer temperature anomalies obtained from marine sediment
cores for several locations in the Arctic region. Most data
4.4  Atmospheric moisture diffusion coefficient show that warming was anywhere from 2 compared to

pre-industrial values. Several coupled GCMs used to per-
Uncertainty in the climatic forcing likely plays the key role formed Eemian climate simulations give the range of 2.5—
in determining both the past and future stability range of the5°C for summer temperature anomalies over the GIS as well
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Fig. 2. Summer temperature anomalies during the Eemian for the at GRIP 18
applied paleo modification factors of 1 (black), 1.5 (blue), 2 (purple) AN A 5
' - -10
(Masson—DgImotte e'F al2010. .To account for potentially Mean annual snowfall (mm) 3 1300
higher Eemian warming than simulated by CLIMBER-2, we at GRIP 250
chose to apply a scaling factor to the positive temperature N AA Q ~ fgg
anomalies. Negative anomalies were not modified in any YA\ ‘?j w1100
way, since the negative temperature anomalies during glacia ’ TN VN 80
perlods are we!l s_lmulated and algo much less |mport_ant. 250 200 150 100 20 0
This approach is intended to provide a reasonable adjust- .
ment to the climate anomalies to account for uncertainty. As Time (ka)

shown by Cuffey and Marshall(2000, it is not so much _ _

the duration of the warm period that determines the masg79- 3. Temporal evolution ofa) the volume andb) the surface

loss during the Eemian, but rather the maximum tempera-area of the GIS, as well &g) the precipitation-weighted annual
ture anomaly. Therefore, we applied factor values of 1, 1.5 €mperature anomaly at GRIP afd] the annual snowfall at GRIP,

Lo . . . ‘as simulated by the ensemble of model versions. Lighter lines cor-
2 and 2.5, resulting in maximum prescribed Eemian summer

. o respond to “invalid” simulations. Each color band is determined by
Warm!ng around Greenland O.f 1.7, 2.5, 3.4 and°€3re- . the melt parametet, as explained in the caption of Fig.
spectively. The resulting Eemian temperature anomaly time

series for summer are shown in F&.

the summit remain very close in all model versions over the
5 Transient simulations of the GIS glacial period, but during the Eemian, they differ by up to

15°C, which is much more than the differences imposed
Permuting the above five parameters using the values in Taby using different temperature anomalies around Greenland
ble 1 produced 360 simulations, which correspond to 90 in-(i.e., different paleoclimate factors). This large range in sim-
dependent model versions (since the paleo factor only modulated temperatures is explained by both changes in surface
ifies the boundary forcing and, thus, does not produce adelevation and changes in surface albedo (in the model ver-
ditional model versions). Figurg shows the temporal evo- Sions where a substantial portion of GIS melts away dur-
lution of the ice sheet computed in the ensemble of modeing the Eemian). The annual precipitation at GRIP (B).
simulations over the last two glacial cycles. During glacial sShows changes largely consistent with other estimates (e.g.,
periods, different model versions produce rather similar re-Tarasov and PeltieR003. At the last glacial maximum, pre-
sults, which is not surprising since under cold climate condi-cipitation was about four times less than at present — mainly
tions, the GIS occupies the whole land area and surface meR result of the much lower glacial temperature. During the
is essentially absent. However, it appears that any reasonableemian, the total precipitation at GRIP was strongly depen-
combination of parameter values (based on present-day turflent on the temperature anomaly and the changes in topog-
ing) can result in dramatically different evolution histories raphy.
for the GIS. With some model versions, the GIS melts en- In Fig. 4, the simulated present-day distribution of ice and
tirely during the Eemian and with others, minimal changesthe Eemian minimum extent is shown for each value of the
occur for the same period (see Fi). Similarly, simu-  melt parameter (maintaining moderate values of the other
lated precipitation-weighted mean annual temperatures oveparametersys=15m/(aPa)f,= 1.5,k =9.8e5kg sland
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¥/ Present day 1 &7 Present day
()’ ¢ = -55 W/m2 \ & c=-50 W/m2

Fig. 4. GIS distribution for different values of the melt parametgais simulated fofa—e)the present ang—j) the Eemian minimum volume.
The black diamonds show the locations of ice core drill sites (from South to North: DYE-3, GRIP, NGRIP, NEEM and Camp Century).

Qgeo=50mW nr2). For the present day, all simulations inland distribution is largely affected by the distribution of
have a similar distribution of ice, covering almost the entireice. In the cases where a large portion of ice disappeared,
land area. The total present-day volume is simulated to benomalies of up to 18C can persist long after the boundary
2% smaller than the present to up to 35% larger, mainly duevarming has decreased. This temperature anomaly is largely
to the additional ice at the margin. The interior distribution due to elevation changes, but changes in surface albedo also
of ice in all simulations reflects the present day reasonablyaffect it.

well, in terms of elevation and surface slope. By contrast, The precipitation field is also strongly affected by topo-

the minimum volume simulated for the Eemian Interglacial . ; ) .
differs drastically between the five model versions. Depend-graphlcal changes, as shown in F6}. In REMBO, precip-

) . - itation is assumed to increase for regions with strong surface
ing on the melt parametert the GIS can experience minimal

changes or melt almost completely. The age at which thegradients. For simulations in which the ice sheet retreats,
minimum volume is reached is relatéd to the total amount Of_precipitation near the margins of Greenland is reduced, but

ice melted and can vary between 124kaBP and 121 ka BIJF Increases near the margins of the ice _sheet. The precipi-
. . . L tation anomalies closely follow the Clausius-Clapeyron rela-
When more volume is lost, this state is maintained longer,. . o
L . - tion with respect to temperature, for a GIS geometry similar
and the minimum is reached later in time. . .
to today. However, when the GIS elevation and/or extent is
Figure5a—e shows the precipitation-weighted annual tem-considerably different (as was possible during the Eemian),
perature distribution for the same simulations when theorographic effects also become very important — and are ac-
Eemian minimum GIS volume has been reached. Over theounted for by REMBO. Our approach cannot account for

ocean, the temperature anomaly is prescribed, however thiarge-scale changes in atmospheric circulation (e.g., storm
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Fig. 5. (a—e)Precipitation-weighted annual temperature anomaly(&f}l the change in annual precipitation relative to present day, at the
Eemian minimum extent for each of the five simulations in Big.

tracks) outside of Greenland, but this is not different from 6 Constraining the model parameters
other approaches so far. Even accounting for these large
changes in precipitation, overall changes in the surface masBigure 6 is a schematic representation of the constraints as
balance of GIS during the Eemian were primarily controlled they apply to all simulations in the ensemble. Using this
by temperature and insolation changes. plot, we are able to identify which constraints are respon-
It is interesting that model versions which produce moresible for rejecting different simulations. For example, the
realistic present-day GIS distributions (less ice volume andpresent-day surface mass balance partition serves to elimi-
area, e.g.¢ —45W m2) simulate an almost complete dis- nate the most and the least sensitive melt parameter values
appearance of the GIS during the Eemian, even under very—45 and—65W n2), whereas the Eemian summit con-
modest warming anomalieg{=1). This is unrealistic, but  straint generally only eliminates the more sensitive melt pa-
in line with arguments presented BRobinson et al(2010. rameter values. This is discussed in more detail below.
Due to the lack of fast processes and/or model resolution, It is important to distinguish between the set of simula-
too much surface melt is required to model the GIS extenttions and the set of different models in the ensemble. This
close to the observed one. This violates the observed partidistinction arises because each model version produced four
tion between surface melt and ice discharge, and shifts thgimulations, corresponding to the modified Eemian climate
model much closer to an instable threshold than it should bgvia the paleo factorfy). Thus, a simulation is considered
in reality. Therefore the “realistic” (in the traditional mean- valid if it does not violate any constraints. A model version
ing of this term) simulations of the modern GIS provide no is considered valid if at least one of its simulations has been
constraints on the magnitude of Eemian melting. However,considered valid.
as we discuss below, other constraints indeed help to narrow Figure 7a shows that the dependence of the modern sur-
the range of valid model parameters. face mass balance partition on the melt parametisr es-
sentially linear. In our ensemble, only the moisture diffusion
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All runs -I:

Present-day SMB
partition (45-65%)

Present-day GRIP
elevation (+/- 100m)

Max. Eemian GRIP
reduction (400m)

Valid for
all constraints

ITM, ¢ (W/m?) | -65 -60 -55 -50 -45

Fig. 6. Schematic table of constraints applied to the paleo simulations of the Greenland Ice Sheet. Each color band contains 72 simulations,
corresponding to the choice of melt parametewhere lighter shades correspond to more sensitive secondary parameter combinations for
added distinction (this color scheme is used for all plots). The first row shows all simulations. The middle rows correspond to specific con-
straints — so if a simulation is consistent with the constraint, it is plotted in that row (otherwise, white regions indicate rejected simulations).
The last row shows the simulations that were consistent with all constraints and thus are considered valid.

SMB partition (%) a 3.4} GRIP elevation (km), b 0.5} GRIP elevation (km), [
70r present-day 0.0k Eemian - present-day
RACMO2/GR 3.3} @ : .
60 @ Actual 0.5} q’ 6
&: 30l '53 elevation ol
PolarMM5 v
50
8 MAR 31l @ 45l
40+ 30l 20}
_25 L
30}, . . . . 291 . . ) ) ) ; k
-65 -60 -55 -50 -45 50 60 70 -65 -60 -55  -50 -45
ITM, ¢ (W/m®) Geothermal heat flux (mW/m?) ITM, ¢ (W/m?)

Fig. 7. Ensemble results for the three constraints versus the most influential parameter in ea¢h)atiagnosed SMB partition for the
present-day GIS, compared to results from regional climate models (PolarMM5: Box et al., 2006; MAR: Fettweis et al., 2007; RACMO2/GR:
Ettema et al., 2009)(b) simulated present-day GRIP elevation versus the prescribed geothermal heat flux at the base of the ice sheet;
(c) maximum reduction in the modeled GRIP elevation for the Eemian Interglacial relative to the modeled present-day elevation. Darker
circles and lighter crosses correspond to “valid” and “invalid” simulations, respectively, and the grey lines show the outer limits used for each
constraint.

constantx o, and the melt parametercan affect the diag- determining the elevation at GRIP. In fact, with a value
nosed SMB partition, since it is determined for a fixed ice of 60 mW n12, already only a couple of simulations are
sheet topography. For each valuecpfwo values are possi- able to obtain a present-day GRIP elevation greater than
ble — one for each modeled valuexg§. Changing the latter  3200m. The more likely valid choice faPgeo would thus
parameter modulates the total precipitation in a minor waybe 50 mW nt2, which conforms to recent estimates (e.g.,
relative to the effect of changing It is also clear that the Shapiro and Ritzwoller2004 Vinther et al, 2009. NGRIP
more extreme values efproduce either too much or too lit- (75° N, 422 W, 2920 m), which lies only a few hundred kilo-
tle melt, and thus do not reflect the present-day mass balanameters away along the ice divide, shows a similar relation-
partition. With an acceptable partition range of 40—65%, theship to geothermal heat flux, although some more simula-
remaining validc values for our model setup fall between tions using 60 mW m? are able to produce the right eleva-
—50 and—60 W m 2. As shown in the second row of Fif, tion. For comparison, we also looked at the present-day el-
the partition constraint essentially sets an upper and loweevations at Camp Century and DYE-3; however, for reason-
bound on the sensitivity of the surface mass balance modedble simulations, no systematic relationship betwégj,
by eliminating the most extreme values. and elevation could be found. The third row in Feigshows
Figure 7b shows the present-day GRIP elevation ver-that this constraint filters out simulations with high values of
sus geothermal heat fluxQgeo). Of the five parameters geothermal heat flux.
varied, the geothermal heat flux plays the largest role in
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Figure7c shows the difference between the modeled min- 755 60° -45° -30° -15°F
imum Eemian and present-day elevation at GRIP. The melt £ / ‘

model sensitivity is the strongest factor that determines the
Eemian GRIP elevation reduction, followed by the sliding
coefficient. For many simulations, all ice is lost at GRIP
and these are clearly too sensitive. In fact, none of the
model versions withc =—45Wm2 and only a few with
¢=—50 W m 2 satisfy this constraint. Therefore, we are able
to exclude essentially the same subset of the most sensitive
model versions as excluded by the constraint on the present-
day SMB partition. This does not affect models with a small
response of the GIS to Eemian warming. Data fr&tfO
records indicate that the annual mean temperature at GRIP
(or, more precisely, the precipitation-weighted mean annual
temperature) was 4-=€ warmer than at presenighnsen

et al, 2007). Using this information would additionally re-
duce the number of valid simulations (primarily by only per-
mitting runs with high paleoclimate forcing and excluding
model versions with a low sensitivity to Eemian warming).

It is very encouraging that both paleoclimate constraints and
the modern constraint on the SMB patrtition were consistent
in the simulations that were eliminated. However, even for
the reduced range of valid model runs, a wide range of pos-
sible GIS responses to Eemian warming remains.

TR

7 Discussion

From 360 simulations, the above three constraints reduce the !
ensemble to just 46 valid simulations and 20 valid combina- R :
tions of model parameters. In Fid, showing the transient

evolution of the GIS, the lighter colored lines indicate “in- Fig. 8. Eemian minimum ice margin contours for the 46 accepted
valid” simulations. The melt parameterand the magnitude simulations. The colors correspond to the choice of parameters
of boundary warming essentially determine the amount of ice(as in Fig.6). The black diamonds show the locations of ice core
lost in the Eemian, while the other parameter choices p|ayjr|” sites (from South to North: DYE-3, GRIP, NGRIP, NEEM and
only minor roles. The applied constraint on the GRIP eleva-Camp Century).

tion reduction is able to eliminate the most sensitive model

versions and reduce the valid range of Eemian melt.

Figure 8 shows the various margin positions of the valid (invalid results are shown by the much lighter crosses). For
simulations when the Eemian minimum volume was reachedthe ensemble of valid simulations, the range of ice lost dur-
All simulations agree in that at least a significant northerning the Eemian was 5-60% (or 0.4-4.4m sea level), rela-
dome centered around GRIP and a smaller southern dom@ve to the present-day modeled values. The cluster of valid
must have remained ice covered through the last interglacialPOints can be filtered corresponding to each choice of the
Depending on the sensitivity of the model and the boundaryP@!€0 factorp, which was used to increase the Eemian tem-
warming, these two domes could have been separated by dfrature anomaly at the boundaries. fysncreases from 1.0
ice-free region, they could have been joined or the ice sheetl-7°C) 10 2.5 (4.3 C), the maximum ice loss increased from
could have maintained coverage over all of Greenland. Mos@Pout 45% to 60%, and the minimum estimate increased
simulations show ice coverage of the four northern ice corelom 5% to 50%. Furthermore, the ice core record at GRIP
locations (GRIP, NGRIP, NEEM and Camp Century). At implies that the annual (precipitation weighted) temperatures
DYE-3, several configurations are possible, indicating thatanomaly reached & (Johnsen et al2001). The only sim-

the region is very sensitive to model parameters and climati¢/lations that present an anomaly at GRIP close 10 @re
forcing. those that had a lower GRIP elevation and lost more volume.

In terms of overall volume loss, Fig.shows the fraction Therefore, it is more likely that the GIS volume lost during

of the ice sheet that melted during the Eemian versus thdh® Eemian was closer to 50-60% (or 3.7-4.4m sea level.)
maximum warming experienced at GRIP for the same period
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Fig. 9. (a) Maximum percent of Eemian ice loss versus the maximum precipitation-weighted temperature anomaly experienced at GRIP
during the Eemian. The percentage of loss is also converted into sea-level equivalent, assuming 100% correspondence to the presen
day volume of the GIS. Darker circles and lighter crosses correspond to “valid” and “invalid” simulations, respectively. The valid range
corresponding to each choice of the paleo facfgr,is indicated by the dark lines. The temporal evolution during the Eemigh)dhe

Greenland contribution to sea level afo) the precipitation-weighted annual temperature at GRIP is shown for valid simulations.

Previous estimates of ice loss from Greenland during thea significant portion of the GIS while maintaining reduced-
Eemian are generally consistent with the results presentethickness ice at DYE-3.
here, even though other mass balance schemes were applied.The maximum limit of volume loss during the Eemian is
In at least three cases, the annual PDD approach was appliedainly determined by the constraint applied to the elevation
and a wide range of climatic forcing was tested: Cuffey andloss at GRIP during this period. We chose to apply a real-
Marshall (2000) provided a plausible range of 4.0-5.5 m seadstic constraint of 400 m here. However, the uncertainty in
level andHuybrechts(2002 provided a similar maximum this value is large. To demonstrate how the choice of this
contribution.Tarasov and PeltigR003 estimated a range of constraint could affect the results, we reanalyzed the results
2.7-4.5m sea level using a similar approach to that it using different limits, ranging from 0-1500 m of elevation
fey and Marshal(2000, but they included additional con- loss at GRIP. As can be seen in Fig), as the GRIP eleva-
straints based o#'80 tracers at the ice core locations. In tion was allowed to decrease further, the maximum Eemian
a more recent study, using an ice sheet model and climateontribution to sea level rise increased non-linearly. For a re-
time slices from a Global Circulation ModeDtto-Bliesner  alistic range of 300—600 m of elevation loss, the uncertainty
et al. (2009 estimated a range of 2.0-3.5m sea level. All in the results is only 0.4 m in either direction from our orig-
estimates fall within a similar range, and highlight the fact inal choice of 400 m, which is rather small compared to the
that without more accurate information about the amount ofoverall range of uncertainty. This range is also consistent
Eemian warming at the margin of the ice sheet, it may bewith a 5°C temperature anomaly at GRIP, while an elevation
difficult to provide a narrower estimate. drop of much more than 600 m would imply a much higher

For other locations on the ice sheet, the constrained modgemperature anomaly.
ensemble produced various results. Most simulations con-
sidered valid by our three chosen constraints maintained ic% .
at DYE-3 throughout the Eemian Interglacial. The range of Conclusions

elevation loss was quite large, however, ranging from aImOS%imulations of the evolution of the Greenland Ice Sheet

no change to a 1300m _“ecfease for the most extreme casgs, o peen performed for the last 250kaBP using a cou-
(or total loss of DYE-3 ice in 6 cases). If the DYE-3 el- 4 regional climate-ice sheet model that is physically
evation did decrease by 1300m and, correspondingly, th%ased and applicable for a wide range of climatic and to-
bographic change scenarios. Several key model parameters
‘were perturbed to produce an ensemble of model versions,
which were then constrained using information about the ice
sheet for the Eemian Interglacial and the present day.

of 400 m, the relative elevation change between the two lo
cations would be near 1000m. This would imply an ad-
ditional 6°C of Eemian warming at DYE-3, which would

not be consistent witd'80 record here. Nonetheless, it is
worth mentioning that in our model it is possible to melt
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GRIP. These numbers are, of course, only rough estimates,
given the poor representation of the ice sheet at the margins.
But assuming that the Eemian high stand was 6-8 m above
C otooom present, this estimate for the Greenland melt still requires a
80t an 15.8 : S . .
0 considerable contribution to sea level rise from the Antarctic
@Qp Ice Sheet.
60 €4 1) 14.4 None of our model versions produce a sufficiently real-
istic present-day GIS in terms of volume and spatial extent
to choose a best set of parameter values. The most real-
40+ 12.9 L . . .
o) istic simulations of the modern GIS (i.e., with less volume
and surface area) were obtained in the experiments that pro-
20t 11.5 duced completely unrealistic simulations of the Eemian GIS
(almost complete melting). At the same time, many model
0 GIIIIHIIIIHIIIIHIIIIHID 1o versions that satisfied the Eemian paleo constraint were also
. " . . . . consistent with the modern constraint on the GIS mass bal-
-1500 -900 600 -300 O ance partition. This would support the idea that in view
Max. allowed Eemian GRIP elevation reduction (m) of the imperfectness of existing ice sheet models, the latter
constraint (criterion) is more appropriate for the selection of
Fig. 10. Sensitivity of the range of Eemian volume loss to the al- mgqe| parameters for past and future simulations of the GIS
lowed Eemian GRIP elevation change. Two circles are shown for_ at least, on the millennial time scale.

each constraint level, representing the minimum and maximum sim- Finallv. i ite of the limitati £ th del d and
ulations. The color of the circle corresponds to the choice of param- inally, In spite or the imitations or the model used an

eterc of the simulation that determines the extreme (as described if€Maining uncertainties, our work indicates that using past
Fig. 6). No simulation had less than 150 m of elevation reduction &nd present constraints together can help to rule out both too
during the Eemian. The grey band shows the likely range of acceptSensitive and too insensitive model versions.

able constraint values and the vertical black line is the constraint

value chosen as default in this study (400 m).

100 } Eemian melt (lo/o) 173
Sea level equivalent (m)

Appendix A

The stability of the GIS is predominantly determined by gyrface albedo parameterization
the surface mass balance, and particularly, by the sensitivity
of the melt equation to external climatic changes. Other pagyrface albedo is parameterized, followiagn den Berg
rameters, such as the geothermal heat flux and sliding coeffigt 5. (2009, as
cient, play appreciable but less significant roles in determin-
ing the past evolution and present geometry of the simulated )
GIS (as found by others, e.qRitz et al, 1997). We have % = Min <
shown that even modest variations of a single model param-
eter lead to large uncertainties in the simulated volume of thevhereas maxis the maximum snow albedo (0.8 for dry snow;
Eemian GIS. 0.6 for wet snow)e is the ground albedo (0.4 for ice; 0.2 for

Combined information about the present day and thebare ground), and is the snow depth. If no snow is present,
Eemian helps to reduce the range of valid parameter comthe surface albedo equals the ground albedo, while up to a
binations and model simulations considerably. The mod-critical snow depthdcit, albedo increases linearly until the
ern and paleo constraints produce consistent and, in sommaximum albedo is reached. This parameterization produces
respects, mutually complimentary, limitations of the model the right range of albedo values for the given surface types;
parameters. Using both modern and paleo constraints tohowever, using the original formulation, it was found to pro-
gether reduces the number of valid model versions to 22%ong the melt season. Because the surface albedo of ice-free
of the initial subset (20 out of 90). Without the use of grid points was that of land, melt tended to be overestimated
additional information about the range of Eemian tempera-and snow was prevented from growing until much colder
ture changes, the estimate of the contribution of the GIS toconditions were reached. In reality, the transition to snow
Eemian sea level rise is rather uncertain. From our study, awover is not smooth, and in one snow storm, the albedo of
acceptable range of Eemian melt is 5-60% mass loss (0.4the region can change dramatically. To allow the model to
4.4 m sea level). However, when additional constraints on thedevelop snow-covered regions in a more realistic way, we
boundary warming are considered, the likely range narrowdirst assume that the minimum ground albedo is that of ice
to 25-60% mass loss (1.9-4.4 m sea level). The highest val(since if there is no snow or ice present, there is nothing to
ues in this range are the most likely (50-60% mass loss; 3.7-melt anyway). After melt is calculated, using this albedo in
4.4 m sea level), given the estimate of up ttCswarming at  the ITM equation, and a new snow depth determined, the

d
_t (Olamax - Olg), “s,max) > (A1)
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albedo is calculated as in the original formulation to pro- Box, J. E., Bromwich, D. H., Veenhuis, B. A., Bai, L.-S., Stroeve,
vide an estimate for the planetary albedo used in the energy- J. C., Rogers, J. C., Steffen, K., Haran, T., and Wang, S.-H.:

moisture balance equations of REMBO (since the albedo of Greenland Ice Sheet Surface Mass Balance Variability (1988—
land would play a role here). 2004) from Calibrated Polar MM5 Output, J. Climate, 19, 2783—
2800,d0i:10.1175/JCLI3738,12006.

. Braithwaite, R. J. and Olesen, O. B.: Glacier fluctuations and cli-
Eq. (A1) to depend on the type of vegetation that would be matic change, chap. Calculation of glacier ablation from air tem-

present. To do so, we calculated the avallablg positive degree perature, West Greenland, Kluwer Academic Publishers, Dor-
days based on temperature and converted this to a land type. y.ocht 219-233 1989,

We tested the effect of changing the albedo parameteric|oy, R., Ganopolski, A., Petoukhov, V., Claussen, M., and Greve,
zation via the critical snow depth and the minimum ground  R.: Large-scale instabilities of the Laurentide ice sheet simulated
albedo, along with variations to the ITM parameteiThese in a fully coupled climate-system model, Geophys. Res. Lett., 29,
three parameters are interrelated and changing one can offset 2216-2220¢d0i:10.1029/2002GL016072002.
the effects of the other. However, to simulate realistic glacialCalov, R., Ganopolski, A., Claussen, M., Petoukhov, V., and Greve,
cycles (in that the ice sheet regrows completely during cold R.: Transient simulation of the last glacial inception, Part I:
periods), it was necessary to increase the minimum ground glacial inception as a bifurcation in the climate system, Clim.

albedo (as described above) to that of an ice-covered suréA?Dyé‘a[n'l' 2P4’ 545{5630::10|.1907/:0?382-005&10007;@05. |
CAPE, L. I. P. M.: Last Interglacial Arctic warmth confirms polar
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