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Abstract. A 3-dimensional thermo-mechanical ice-sheet and the northern part of the Eurasian continent (Fennoscan-
model is used to simulate the evolution of the Northerndia) developed during the last glacial cycle. The sea-level
Hemisphere ice sheets through the last glacial-interglaciahistory inferred from coral dating (Bard et al., 1990; Bard et
cycle. The ice-sheet model is forced by the results from sixal., 1996a; Fairbanks, 1989) or the isotopic signals recorded
different atmospheric general circulation models (AGCMs). in marine sediments (Bond et al., 1993; Waelbroeck et al.,
The climate evolution over the period under study is re-2002) or ice cores (Andersen et al., 2004; Johnsen et al.,
constructed using two climate equilibrium simulations per- 1995) have revealed that this period was characterized by
formed for the Last Glacial Maximum (LGM) and for the several phases of growth and retreat of the ice sheets.

present-day periods and an interp_ola_tion thro_ugh time b_e- During the Last Glacial Maximum (LGM) and the subse-
tween these snapshots using a glacial index calibrated agamahem deglacial period, the areal extent of the North Amer-

18 . . . B . .
tEe gs:? .O rlec?]rd. Since Ilt IS ?rn_/en b]}' thhe.tlmmgi of ican ice sheet is quite well constrained (Clark et al., 1993;
the F signal, the tem.pora evo ution of the ice volume Dyke and Prest, 1987). Moreover a reconstruction of the
and the ice-covered area is approximately the same from ONthaximum limits of the Eurasian ice sheet for the Late Qua-

smula’uo_n to th_e ot_her. Howe_zver, both ice volume Curve_sternary period, based on satellite observations of geomorpho-
and spatial distributions of the ice sheets present some ma]%gical features, aerial photographs and various types of ge-

d|fference_s from one AG_CM forcing to.the ot.her. The orgin ological data has recently been published (Svendsen et al.,
of these differences, which are most visible in the maX|mum2004) within the framework of the QUEEN project (Qua-
amplitude of the ice volume, is analyzed in terms of differ- o5y Environments of the Eurasian North project). How-
ences in climate forcing. This analysis allows for a partial ever, as often outlined (Kleman et al., 2002; Marshall et al.
evaluation of the ability of GCMs to simulate climates con- 2002’. zweck and Huybrechts 2005)' large ’uncertainties ré-
sistent with the reconstructions of past ice sheets. Althougnnain’about the shape, the vollume an’d the thickness of these
some models properly reproduce the advance or retreat of icg, o jce sheets, and their evolution through time. The best

sheets in some specm_c areas, none of.them is able to_ reprQNay for these characteristics to be better constrained is the
duce both North American or Eurasian ice complexes in full

t with ob d level variati q | _axse of numerical modeling. In this view, several approaches
agreement with observed sea-level varations and geologicgy ;e peen followed during the past decade. The first one re-

data. _These de_viations_can be attri_buted to shortcomings fles on glacio-hydro-isostasy models based on relative sea-
the ghmatiforc:jng and 'g t.he ;‘Gg éﬁ'SheeLreC?nStrUCt',onIeveI observations that account for the temporal evolution
used as a boundary condition for runs, but also to Missy¢ he jce load and the subsequent rheological response of

ing processes in the ice-sheet model itself. the geoid to surface loading. These models provide an es-
timate of either the global ice volume at the LGM (Milne
et al., 2002; Yokoyama et al., 2000) or a reconstruction of
1 Introduction the ice volume equivalent sea-level during the deglacial his-
tory (Lambeck et al., 2000; Lambeck et al., 2002) or prior

In addition to Greenland and Antarctica, massive ice com-{0 the LGM (Lambeck and Chappell, 2001). Similar mod-

plexes covering North America (Laurentide and Cordillera) €ls constrained both by sea-level data sets and by geological
reconstructions of the ice margins are designed to give a 3-

Correspondenceto: S. Charbit D picture of individual ice sheet (Lambeck, 1995; Peltier,
(sylvie.charbit@cea.fr) 1994, 2004). However, these latter approaches only provide
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16 S. Charbit et al.: Ice sheets evolution during the last climatic cycle

ice-sheet reconstructions during the deglacial period, and not The evolution of ice sheets during the last glacial cycle is
prior the LGM, with the exception of the recent work on the expected to be in better agreement with geological data when
Fennoscandian ice sheet by Lambeck et al. (2006). Moreusing 3-D thermo-mechanical ice-sheet models. However,
over, these models present several intrinsic shortcomingdarge differences are observed between the results provided,
Firstly, they are hand-tuned to fit with relative sea-level datafor example, by the studies of Tarasov and Peltier (1999),
with no meaningful extractable error bar, and in regions inMarshall et al. (2000), Bintanja et al. (2002) or Zweck and
which data is unavailable the ice thickness is often underHuybrechts (2005). These differences appear in the magni-
constrained. Secondly, they cannot provide a unique solutiotude and in the timing of the maximum ice volume, in the ice
to reconstruct the temporal history of the ice thickness, andhickness and more generally in the shape of the ice sheets,
finally they have neither intrinsic glaciological nor climatic in the repartition of ice between Eurasia and North America,
self-consistency. in the erroneous simulation of ice over Alaska and Siberia,
A second approach consists in using ice-sheet modelsand finally in the timing of the deglaciation process.
Two approaches have generally been followed. The first one A third alternative approach proposed by Tarasov and
relies on simplified climate models (energy balance mod-Peltier (2004) consists in taking advantage of both methods.
els or Earth climate model of intermediate complexity) cou- Using a 3-D thermo-mechanical ice-sheet model, they per-
pled to 2-D vertically integrated ice-sheet models (e.g., (De-formed a set of simulations where the model parameters were
blonde and Peltier, 1991; Deblonde et al., 1992; &@adlt al., varied in order to explore the large phase space of possible
1992; Marsiat, 1994; Peltier and Marshall, 1995; Tarasov andsolutions produced by glaciological models, and their recon-
Peltier, 1997). The second approach is based on the use of 3truction was constrained by a high resolution digitized ice
D dynamical ice-sheet models asynchronously coupled to amargin chronology, geodetic observations of the present-day
EBM (Tarasov and Peltier, 1999) or used in a forced mode.uplift at Yellowknife and gravity measurements. However,
In this latter case, the climate forcing can simply be derivedthis work has only been performed for the North American
from ice core data (Greve et al., 1998; Huybrechts, 2002;ice sheet.
Ritz et al., 1997) or from GCM climate snapshots interpo- The different sources of uncertainties in the approach fol-
lated through time using a glacial index generally inferred lowed with 3-D ice-sheet modeling may come from the cli-
from the GRIP5*0 signal (Charbit et al., 2002; Marshall et mate reconstruction used to force the ice-sheet model, that is
al., 2002; Marshall et al., 2000; Tarasov and Peltier, 2004;from the climate model or from the basis of the climatic in-
Zweck and Huybrechts, 2005) which accounts for the rapiddex method and finally from the choice of the index itself. It
climate variability which occurred during the last glacial pe- has been demonstrated that the use of climatic outputs com-
riod. However, the climate recorded at the GRIP site resultsng from 17 GCMs leads to considerable scatter in the com-
from the external forcings (i.e. insolation, greenhouse gaseguted mass balance of the ice sheets (Pollard and Groups,
aerosols) added to all internal climate feedbacks that may000). Moreover the GCM climate also depends on the ice-
have occurred, but at the GRIP location only. Therefore, ifsheet boundary condition for GCM simulations. In turn, the
some feedbacks are only activated at the GRIP site they casecond cause which may be at the origin of the discrepan-
produce artifacts in other regions, and conversely, if feed-cies between the results provided by different groups lies in
backs are not seen in the GRIP site but are important in othethe choice of the ice-sheet model, or more specifically in the
regions, they will be missing in the climate forcing. choice of some physical parameters related to ice flow, that
Studies based on simplified climate and/or ice-sheet modare under-constrained (Marshall et al., 2002).
els generally aim at examining which kind of processes en- In this paper we focus on the uncertainties linked to the
able a reasonable simulation of the ice volume through theclimate forcing. To this end we used climatic outputs from
last glacial-interglacial cycle. Although the global ice vol- different atmospheric general circulation models (AGCMs)
ume at the LGM is generally quite well reproduced, the involved in the first Paleoclimate Modelling Intercomparison
reconstruction of the spatial distribution of the individual Project (PMIP, Joussaume and Taylor, 1995) to force a single
ice masses and their specific shape often suffers from ma3-D ice-sheet model of the Northern Hemisphere. Among
jor drawbacks such as an insufficient southward extent othe 22 PMIP models, only 10 of them provided snapshot
the North American ice sheet (Deblonde and Peltier, 1991¢climate simulations of the LGM and the present-day peri-
Gallée et al., 1992; Marsiat, 1994), an erroneous simulatiorods with fixed sea surface temperatures (SSTs) and sea ice
of the Eurasian sector (Deblonde and Peltier, 1991; Deblondeover. We removed from our selection the older version of
etal., 1992; Tarasov and Peltier, 1997), a too much extendethe GCM developed at the Laboratoire détbrologie Dy-
ice-covered area over Alaska, and the growth of ice in thenamique (i.e. LMD4), as well as the model which has the
Siberian region (Deblonde et al., 1992; Marsiat, 1994; Peltiedowest resolution. For the present study, we chose six of the
and Marshall, 1995). These models often fail in success-eight remaining models to keep a representative range of spa-
fully simulating the deglaciation process without incorporat- tial horizontal resolutions of the PMIP-GCMs.
ing any ad hoc process (Deblonde and Peltier, 1991;668all  The aim of the present study is twofold. First it is to doc-
et al., 1992; Peltier and Marshall, 1995). ument the differences between the simulated spatial distribu-
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tions of the ice sheets and the evolution of the ice volumesalbedo differences between snow and ice and for the produc-

Secondly, it is to investigate to which extent it is possible tion of superimposed ice due to meltwater that refreezes.

to evaluate the ability of PMIP-GCMs to produce ice sheets Although the ice calving is not explicitly computed in the

in agreement with geological data and observed inferred eumodel, it is parameterized in the following way: the ice lost

static sea level variations, and whether the LGM ice sheet$y calving is set to 0 when ice begins to float. This cut-off

are consistent with the reconstruction used as a boundargondition is not imposed at each time step so that ice is al-

condition for the LGM GCM runs. lowed to advance over the continental shelf. Consequently, if
the sea-level drops, but there is still water in a given location,
the ice sheet can expands over the sea.

2 Description of the approach 2.2 The forcing method

2.1 The ice-sheet model The forcing method is explicitly described in (Charbit et al.,
o 2002). In this section we summarize its basic principles.
Afull description of GREMLINS (GREnoble Model of Land  pe 1o their high computational cost, the general circulation
Ice of the Northern HemiSphere) can be found in (Ritz et al., j,odels can only provide snapshots of climate. Hence, we
1997). In the present paper we just recall the main charactefgsed two climate snapshots, one for a glacial period, the Last
istics of the model. It is a three dimensional thermomechanacial Maximum (21 kyr BP), and one for the present-day
ical ice-sheet model which predicts the evolution of the ge-period, representing two extreme climates of the last glacial-
ometry (extension and thickness) of the ice and the COUple%terglacial cycle. To obtain a time-dependent climatology
temperature and velocity fields. This model only accountsyyer the entire cycle, the AGCM fields used to drive the ice-
for grounded ice without incorporating a description of ice gheet model are interpolated through time (see below). These
flow through ice streams and does not deal with ice shelvessg|ds are the 2-m mean annual and summer surface air tem-
The equations are solved on a Cartesian grid (45 kBkm) peratures and the annual precipitation and they are used to
corresponding to 244231 grid points of the Northern Hemi- compyte both ablation and accumulation. To minimize the
sphere. The evolution of the ice sheet surface and geometnyrrors due to GCM deficiencies, we use a pertubative method
is a function of surface mass balance, velocity fields, andsf the present-day climate: the anomaly fields are computed
bedrock position. The isostatic adjustment of bedrock in re-5g 3 gifference for temperature and as a ratio for precipitation
sponse to the ice load is governed by the flow of the asthenopetween simulated control (ctr) and past (paleo) climates
sphere with a characteristic time constant of 3000 years, an@:ig_ 1). As these variables are strongly influenced by lo-
by the rigidity of the lithosphere. The temperature field is ¢4 topography, corrections of precipitation are required to
computed both in the ice and in the bedrock by solving agccount for surface elevation difference between the GCM
tir_ne-t;iependent heat equation. Changgs in the _ice thicknesgng the ice-sheet model. For temperature, we apply a ver-
with time are computed from a continuity equation and areica| gradient derived from empirical observations in Green-
a function of the ice flow, the surface mass balance and theyq (Ohmura and Reeh, 1991)°@km and 6.5C/km for
basal melting. The ice flow results both from internal ice gnnual and summer temperature. These lapse rates rather
deformation and basal sl_iding. Itis calculated with the zero-resemble moist adiabatic free-atmosphre lapse rates rather
order shallow ice approximation. than near-surface values4°C/km) reported by Marshall et

The surface mass balance is the sum of accumulation andl. (2006) for the Ellesmere Island region. The sensitivity
ablation, both of which depending on surface air tempera-of our results to less steep lapse rates will be investigated in
ture (colder air leads to increased aridity). The accumulationthe future. To account for less moisture at high altitude we
termis inferred from the AGCM mean annual air temperatureassume that precipitation is exponentially dependent on tem-
and total precipitation fields. The fraction of solid precipita- perature. Therefore a difference of temperature corresponds
tion is considered to be proportional to the fraction of the to a ratio of precipitation. The corrected AGCM anomalies
year with mean daily temperature less thd€2The mean AT gem(t) andA Peorgem(?) can be written as:
daily temperature is computed from mean annual and sum-
mer (June—August) air temperatures provided by the GCM.
We use the mean annual and summer AGCM fields, and th
seasonal cycle is reconstructed assuming a sine wave wit
the amplitude given by the difference between summer and T (SpaleaceM — Sctrl.GCm)
annual temperatures. The ablation term is computed using
the positive-degree-day (PDD) method, which is based on
an empirical relation between air temperatures and melt proAPcor,GCM(f) = exp(0.05 X (TpaleaGCM — Tctrl,GCM))
cesses. In the present study, this method is used exactly as PpaleqGCM
the same way as described in (Reeh, 1991) and accounts for * PpaleaGCM ®

Teor,cem(t) = (TpalegceM — Terl,cem) (1)

www.clim-past.net/3/15/2007/ Clim. Past, 3, 15-37, 2007



18 S. Charbit et al.: Ice sheets evolution during the last climatic cycle

LMD5 ECHAMS

Fig. 1a. Mean annual surface air temperature differences between past (21 kyr) and present simulated by each of the atmospheric genera
circulation model and interpolated on the ice-sheet model grid.

where T, P, S and A are related to temperature, precipi- tween past and present. The numerical value 0.05 is deduced
tation, surface elevation and vertical lapse rate. The expofrom the temperature-precipitation relationship in the same
nential term in the anomaly of precipitation accounts for all way as in (Charbit et al., 2002). These anomalies are then
processes that are linked to a difference of temperature beanterpolated on the ice-sheet model (ISM) grid (see below

Clim. Past, 3, 15-37, 2007 www.clim-past.net/3/15/2007/
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Fig. 1b. Same as Fig. 1a for the mean summer surface air temperature.

ATeorism(?) and A Peorism (7). The time-dependent clima- used to force GREMLINS can be expressed with:

tology is obtained by interpolating through time these lat- o

ter anomalies using a climatic index inferred from 180 AXisu(®) = (1 —a®)AXiem

GRIP record, so that at each time step, the climatic fieldswhere thea coefficient represents the proportion of inter-
glacial climate ¢=0 for the LGM andx=1 for the present-
day period), and\ X| g stands for the corrected anomaly of

www.clim-past.net/3/15/2007/ Clim. Past, 3, 15-37, 2007
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Fig. 1c. Mean annual precipitation ratio between past (21 kyr) and present simulated by each of the atmospheric general circulation model
and interpolated on the ice-sheet model grid.

temperature or precipitation. This approach is similar to theand present) do not change with time, and that the climatic
one previously used in (Marshall et al., 2000) or (Charbit etvariations are only driven by the temporal variations of the
al., 2002). The main assumption is that the spatial patterns coefficient. The temperature at the surface of the ice-sheet
of temperature or precipitation variations (i.e. between pasmodel (liec) is reconstructed at each time step from the re-

Clim. Past, 3, 15-37, 2007 www.clim-past.net/3/15/2007/
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Table 1. Model resolution and boundary conditions of the AGCMSs runs.

Models Resolution SST SST Seaice Seaice Orography Orography
(longxlatxvert.) (21ka) (Oka) (21ka) (Oka) (21ka) (Oka)
ECHAM3 128x64x19 PMIP AMIP CLIMAP 21 ka AMIP PMIP AMIP
UGAMP 128x64%x19 CLIMAP 21 ka AIMoh76 CLIMAP21ka AlMoh76 PMIP AMIP
CCSR1 6432x20 PMIP AMIP CLIMAP 21 ka AMIP PMIP ETOPOB5
GENESIS2 96:48x 18 CLIMAP 21ka She®0  CLIMAP21ka  She®0 PMIP US Navy-FNO@5
LMD5 64x50x11 PMIP AMIP CLIMAP 21 ka AMIP PMIP AMIP
MRI2 72x46x15 PMIP AMIP CLIMAP 21 ka AMIP PMIP AMIP

Column 2 : Horizontal resolution and number of vertical levels for each model (column 2);

Columns 3-8 indicate how the boundary conditions (SSTs, sea-ice cover and orography) have been taken into account for each GCM run:
Column 3: [PMIP] = CLIMAP 21 kyr BP — CLIMAP Oka + SSTs data used for the control run (see column 4)

Column 4: [AMIP] = Reynold’s data (1979-1988)-10 years mean (Reynolds, 1988); AMahdata from Alexander and Mobley (1976);
Shea90 = data from Shea et al. (1990)

Column 5: data from (CLIMAP, 1981)

Column 6: [AMIP] = data from US Navy and National oceanic an Atmospheric Administration, Alk&b data from Alexander and
Mobley (1976)

Column 7: [PMIP] = ICE-4G (21 ka) — ICE-4G (0 ka) + orography used for the control run (see column 8)

Column 8: [AMIP] = US Navy 10x 10 dataset (Joseph, 1980); US navy-FNB& area-averaged dataset over each atmospheric grid box
(Kineman, 1985); ETOPQBS5 = obtained at a resolution of 65’ (Edwards, 1989)

sulting anomalyA Tism (¢) added to the present-day climatol- 2.3 The experimental set-up
ogy (Teim) and a corrective factor accounting for the surface

elevation difference between past and present: The specificities of the AGCM runs used in this study are

summarized in Table 1. All the six models used in this
study have been forced by i) the insolation at the top of
(}he atmosphere (Berger, 1978), ii) the atmospherie €©
ferred from ice core measurements (Raynaud et al., 1993),
Hi) the prescribed seasonally varying sea surface tempera-
tures and the sea-ice cover, both derived from the CLIMAP
dataset (CLIMAP, 1981) for the LGM climate and from ob-
Prec = Peiim % €xp(0.05 x (Trec — Telim)) X A Peorism(t) servations for the co_ntrol run (i.e_. present-day run), iv) the
LGM sea-level lowering and the ice-sheet geometry (extent
The present-day topography is based on the GLOB-ETOPO2nd altitude) obtained from the LGM ICE-4G reconstruction

dataset and the Greenland bedrock has been elaborated Byeltier, 1994) and from the observations for the present-
Bamber et al. (2001). day climate (http://www-Isce.cea.fr/pmip/). For the UGAMP

The present-day climatology is based on the ERA-40 re-2nd the GENESIS2 models the SSTs from the CLIMAP re-
analyses for the temperature fields. The precipitation is deconstruction have been directly used as boundary conditions
rived from a compilation between the CRU dataset over confor the LGM run, while for the other models (ECHAMS,
tinents (New et al., 1999) and the GPCP dataset over ocearld¥D5, MRI2 and CCSR1) the prescribed SSTs are recon-
(Adler et al., 2003). Moreover, for the Arctic area, the pre- Structed from the CLIMAP (1981) changes between past and
cipitation data is provided by Serreze and Hurst (2001). present added to the present-day observations used for the

It is worth noting that owing to the fact GREMLINS is control run. In the same way, for all models, the ice-sheet to-
not fully coupled to the GCMs, the present approach canfegraphy is given by the topography anomaly between past
not account for the changes in atmospheric circulation andnd present obtained from the differences between the LGM
in the albedo effect due to changes in the ice sheets geonfnd the present-day ICE-4G reconstructions (Peltier, 1994),
etry. Other artifacts are also introduced by using LGM cli- @dded to the present-day topography coming from the obser-
mate snapshots which strongly influences our representatiohations (see Table 1).
of past climate throughout the last glacial-interglacial cycle Although the analyses presented in this paper focus on the
by overestimating the albedo effect in regions which werelast glacial cycle (130-0 kyr BP), the ice-sheet model is run
covered by snow at the LGM. In the following, we call this for 230 kyr for model spin-up. This procedure is necessary to
effect the “artifact albedo effect”. obtain a reasonable vertical profile of temperature in the ice,

Trec = Tclim — )»(SpaleoISM - SctrI,ISM) + ATcor,ISM (f)

In the same way, the reconstructed precipitation is derive
from the product oA Pisi(t) and the observed precipitation.
The impact of the temperature difference between past an
present is accounted for by the exponential term:

www.clim-past.net/3/15/2007/ Clim. Past, 3, 15-37, 2007


http://www-lsce.cea.fr/pmip/

22 S. Charbit et al.: Ice sheets evolution during the last climatic cycle

CCSRL1 ice also covers the Keewatin region, while small ice
caps are produced in the Labrador sector with LMD5 and
CCSR1, and in the Hudson Bay lowland with CCSR1 and
UGAMP. Observational data (Andrews and Barry, 1978) in-
dicate that the regions of ice-sheet inception in North Amer-
ica were those bordering the Eastern coast, such as the Baf-
fin Island and the Quebec-Labrador region, as well as the

added to a small anomaly of temperature. Paleoenvironmen-
tal records indicate that, at the early beginning of the glacia-
Ll 50 tion, climate in the Rocky Mountains regions was as warm
as, or warmer than present (Clark et al., 1993). Hence, the
_ _ _ ) _ _ Cordilleran ice sheet does not appear to have developed be-
Fig. 2. Extension and ice thickness (in km) of the Northern Hemi- fore the late isotopic stage 5 or 4 (i.75kyr BP). At that
sphere ice sheets predicted by the ICE-4G model (Peltier, 1994). time. the ice advanced over the Southern British Columbia
and into the Northern Puget lowland, whereas northern ar-
and to a lesser extent, to integrate the history of the bedrock2> Wer€ later covered by ice, which is in contradiction with

! . N our modeling results. This discordance can be explained
response to changes in surface loading. The initial topogra;

phy is given by the present-day topography and the climat by the shortcomings of our approach. Actually, according

oS : . . % a study carried out by Clark and Bartlein (1995), the
forcing is obtained from the method previously described. Cordilleran ice sheet started to grow when the Laurentide

ice sheet was high enough to induce a displacement of the

\‘4 uplands of Northeastern Keewatin. This is concordant with
/ 1 20 our reconstructions, except for the Labrador sector where

'@Q small ice caps are only produced with two models. More-

3{?)})’! | | over, the advance of ice in the Middle West region is highly

= %?/ 10 discordant with the geological data. The excess of ice in this
' @ area, simulated by using UGAMP outputs as climate forc-

, 10‘ ’QJ?‘ ] o5 ing, seems to be directly related to a high precipitation ratio

3 Results jet stream causing precipitation to fall over the Rocky Moun-
tains (Roe and Lindzen, 2001). Such a glaciation sequence
3.1 Spatial distribution cannot be represented with our methodology because it does

not account for the feedbacks of the ice sheets on the atmo-
Time slices of the simulated spatial distributions of the ice Spheric circulation. Moreover, the use of LGM climate snap-
sheets are represented in Figs. 3—7 at different key periodshots in the climate forcing induces an artifact albedo effect
of the last glacial cycle. These maps exhibit large differ- (s€€ Sect. 2.2) in regions covered by snow at the LGM, and
ences both in altitude and ice-covered areas from one simbence favours the glaciation process at any time of the last
ulation to the other. Although our discussion mainly focusesdlacial-interglacial cycle.
on the simulated North American and Eurasian ice sheets, it The results obtained for the 112 kyr BP period (Fig. 4)
is worth noting that differences are also observed in the exconfirm that for the CCSR1 model the regions of early
tent and the altitude of the Greenland ice sheet throughouglaciation (Labrador-Quebec, Rockies and Keewatin) coa-
the simulation. However, at the present_day period (F|g 7),Iesce to form the North American ice sheet. A dome devel-
the six experiments are in full agreement concerning the ex0ps over South Keewatin in the simulation performed with
tent of Greenland and its ice thickness and match with obthe UGAMP model and ice has coalesced with that cover-
servations. Moreover, the simulated American and Eurasiaing the Northern part of the ice sheet and that spreading over
ice sheets have almost completely melted, although small icéhe Cordilleran region. The western sector of the Laurentide
masses are still present over the Baffin Island and the Arctidce sheet, as well as the Labrador and the Rocky Mountains

Ocean. regions, have widely extended compared to the 113 kyr BP
period (Fig. 3). The rapid expansion of the ice is probably
3.1.1 The North American ice sheet due to the artifact albedo effect due to the use of LGM cli-

mate snapshots, as previously mentioned. The simulations
The most important point at the early phase of glaciationperformed with ECHAM3 and GENESIS2 are characterized
(113 kyr BP, Fig. 3) is related to the location of the inception by an expansion of ice in the Middle West region, whereas
sites. All models produce ice over the Canadian Archipelagofor the MRI2 model, the only ice-covered area is the North-
the Baffin Island and over the Northern Rocky Mountains. ern part of Canada.
In the simulations performed with GENESIS2, UGAMP and

Clim. Past, 3, 15-37, 2007 www.clim-past.net/3/15/2007/



S. Charbit et al.: Ice sheets evolution during the last climatic cycle 23

LMD5 ECHAMS3

4.0

3.0

113 kyr BP

Fig. 3. Spatial distribution of the simulated ice sheets at 113 kyr BP which corresponds to the early phase of the glacial inception.

According to the ice volume curves (Fig. 8) the full glacial the North American ice sheet, the extent of Fennoscandia
period starts after the last major phase of glaciation at aroundsee following section) and the presence of ice in Alaska and
57 kyr BP (Fig. 5). These maps indicate that the largest dif-Siberia. According to geological records, the inception of
ferences from one model to the other concern the shape dte in Keewatin and in the Quebec-Labrador Plateau leads
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ECHAMS3

4.0

3.0

112 kyr BP

Fig. 4. Same as Fig. 4 for the 112 kyr BP period.

to the coalescence of both ice masses and to the formatio(Fig. 2) used as a boundary condition for the GCM simula-
of two domes centred on these sectors. However, none dfion, but can also be linked to the ice-sheet model itself which
the simulations presented in this study is able to reproduca&loes not account for sediment deformation. Actually, past
a bi-domed ice-sheet. This is partly due to the fact that thisstudies have found that strong geographically constrained
structure does not appear in the LGM ICE-4G reconstructiorfast flow due to till-deformation when sediment is water-
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LMD5 ECHAMS3

57 kyr BP

Fig. 5. Same as Fig. 4 for the 57 kyr BP period which corresponds to a full glacial state.

saturated was required to obtain a multi-domed ice surfaceynthesis provided by Clark et al. (1993), the ice sheet was
topography that fits relative sea-level constraints (Tarasownly a little more extensive than today during its first phase
and Peltier, 2004). The second deviation from geologicalof development, and completely disappeared before the end
records concerns the Cordilleran ice sheet; as outlined in thef stage 4 59 kyr BP). It then started to readvance by 25-
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ECHAM3

18 kyr BP

Fig. 6. Same as Fig. 4 for the 18 kyr BP period which corresponds to the maximum ice volume.

30 14C kyr BP (i.e. 29-34 kyr BP, after Bard et al. (2004)), First, the Cordilleran region remains glaciated throughout the
in response to a new climatic deterioration to reach its maxi-simulated last glacial period whatever the choice of the forc-
mum extent at around 15-#4C kyr BP (i.e. 16-18.5kyrBP, ing GCM, and starts to retreat synchronously with the Lau-
after INTCALO4 from Reimer et al. (2004)). Our model- rentide ice sheet. The other point of disagreement lies in
ing results are highly discordant from such a configuration.a too large ice extent in Alaska. As reminded by Clague
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LMD5 ECHAM3

4.0

3.0

Present-day

Fig. 7. Same as Fig. 4 for the present-day period.

and James (2002), the Cordilleran ice sheet was only exunglaciated throughout the last glacial cycle. In the present
tended over the Southern part of this region and consistedtudy, the use of CCSR1, UGAMP and even MRI2 and GEN-
of small ice fields and glaciers flowing towards the Pacific ESIS2 probably overestimate the amount of ice over Alaska,
Ocean or the Yukon River (Mann and Hamilton, 1995). Con-whereas LMD5 and ECHAMS3 are presumably in a better
sequently much of the Alaskan interior likely remained to be agreement with data.
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The last point which could be discussed is related to thetion of Eurasia, there is no geological record indicating that
coalescence of the Cordilleran and Laurentide ice sheetghere was ice in these latter regions (Vartanyan et al., 1995;
There is no complete consensus about the junction or the sefBrigham-Grette, 2001). However, the presence of ice in
aration of these ice sheets. According to Tarasov and PeltieBiberia could be a direct consequence of the albedo effect
(2004), a thick Keewatin dome, and therefore the attendaninduced by the marine ice mass in the Arctic Ocean present
coalescence of at least the Northern half of the Cordillereann the LGM ICE-4G reconstruction (Fig. 2) near the Siberian
ice sheet with the Laurentide, is required to fit observationscoast and therefore imposed to the AGCMs as a boundary
for present-day rates of uplift at Yellowknife. At present, condition.
other groups propose that the coalescence did not occur all Around 90 kyr BP the reconstruction of the limits of the
along the north-south transect at the frontier between thdsurasian ice sheet provided by Svendsen et al. (2004) indi-
Cordilleran and Laurentide ice sheets (see Dyke et al., 2002ates that the ice was spread over Norway, the Barents-Kara
for a detailed review), while Dyke et al. (2002) support the Seas including the Svalbard, the Franz Josef islands and No-
idea that they were fully coalescent at the LGM becausevaya and Severnaya Zemlya, and extended eastward beyond
it is difficult to conceive that the ice sheets were joined in the Taimyr Peninsula, covering also the Putorana Plateau.
some places and not in other. This is in agreement withAmong the different GCMs used in this study, the forcing
the LGM ICE-4G reconstruction (Peltier, 1994) which does from ECHAMS3 presents the best agreement for this period
not reproduce a separation between the ice sheets (Fig. 2jnot shown) with this synthesis.
although the ice thickness is smaller than in the adjacent Around the early Middle Weichselian period (60—
regions. However, it is worth noting that the Cordilleran- 50 kyr BP) the ice advanced over Finland, the Baltic Sea
Laurentide interface sector has no constraint, because thiand the Kola Peninsula. In the Barents Sea, the ice sheet
region has not been inundated in the past. The use of thevas more extended, while in the east, a much smaller area
GENESIS2 climatic outputs allows a disconnection betweenof Siberia is affected by the glaciation compared to the Early
the ice sheets to be clearly simulated at the LGM (Fig. 6), duéWNeichselian period. None of the simulations performed in
to the fact that at the frontier between Cordillera and Lauren-this study (Fig. 5) is in a perfect agreement with this re-
tide, simulated surface temperatures are warmer than in theonstruction. The first point of disagreement concerns the
surroundings. Other deviations from the ICE-4G reconstruc-too large expansion of the simulated ice sheet accross East-
tion (Fig. 2) are observed in our LGM simulations. First, ern Siberia (CCSR1, MRI2, UGAMP and ECHAM3) while
the southern margin is much too extended in some modelseconstructions indicate a retreat of the eastern part of the
(CCSR1, UGAMP and ECHAM3). Except for ECHAMS3 ice sheet around the Middle Weichselian period. A possible
and LMD?5, the ice extent in Alaska is overestimated and themechanism at the origin of this discrepancy could be linked
advance of ice in the Baffin Bay is not properly reproducedto a reduction of precipitation over the Eastern part when the
with the use of MRI2, GENESIS2 and LMD5, due partly to ice sheet over the Scandinavian region became huge enough.
summer temperatures in this region warmer than those simThis mechanism would be fully similar to the one suggested
ulated by the three other models. Finally, the maximum iceby Clark and Bartlein (1995) to explain the glaciation sce-
thickness is not located at the same place as in ICE-4G.  nario of the Cordilleran-Laurentide ice complex. Therefore,

in the case of the Eurasian ice sheet, this “East-West” se-
3.1.2 The Eurasian ice sheet guence cannot be reproduced with our approach. Another

cause of the presence of ice in this region lies in the fact
The glaciation over the Eurasian continent starts with smallthat the ICE-4G reconstruction extends too much eastward
ice caps formed over the Taimyr Peninsula and some Arc{Fig. 2). This enhances, via the albedo effect, the advance
tic islands (Figs. 3—4). This is in accordance with the re-of ice in regions located East of the Taimyr Peninsula and
cent review performed within the framework of the QUEEN also favours the growth of ice in Beringia, which is also
project (Svendsen et al., 2004), but the inception is delayedlue, as previously mentioned, to the marine ice complex pro-
compared to the most recent reconstruction of Lambeck etluced by the ICE-4G reconstruction. Note that the Bering
al. (2006) which is partly due to the fact that the model doesStrait looks open in the simulations performed with UGAMP,
not incorporate any treatment of the ice flow through ice- CCSR1 and ECHAMS that have the highest sea-level drop
shelves. The formation of ice is also simulated in the Norwe-(see Fig. 8a). This illustrates the isostatic effect: if there is
gian mountains as early as 113 kyr BP (Fig. 3) with all mod- a large amount of ice over Beringia or adjacent regions, the
els except LMDS5 because of a relatively high annual summeibedrock will deeply be depressed, and as a consequence the
surface air temperature. By 112 kyr BP (Fig. 4), the ice- Bering Strait will remain open. Actually, this effect is bal-
covered areas have significantly extended. The most rapidnced by the subsequent sea-level drop. However, this sec-
expansion of ice can be seen with ECHAM3 and UGAMP, ond effect is not displayed in the figures because the sea-level
and to a lesser extent with CCSR1, with significant amountss not interactively computed in the model.
of ice east of the Taimyr Peninsula and close to Eastern Inthe simulations carried out with LMD5 and GENESIS2,
Siberia. Although there is few data related to the early glacia-ice does not appear in Beringia, although the GCM are also
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run with the ICE-4G boundary condition. Therefore, inthese &
runs, the albedo effect induced by an erroneous amount of
ice in the Arctic Ocean is likely masked by another pro- :Eso _ \
cess which could be linked to the climate models themselves, g = 1 ’ ; 5
such as a change in the planetary waves, which would lead g “ A r
in that case to warmer temperatures over Beringia. Another S *] |
assumption is suggested by Krinner et al. (2006) which argue g =7
that the ice-free conditions in Northern Asia were favoured Oi A i
by strong glacial dust deposition over the seasonal snow o
cover in this region, thus enhancing snow melt by lowering Time (kyr'BF)
the snow albedo. The second point of disagreement between « N : Laurenéide
our results and the reconstructions of the Eurasian ice sheet_s | -
limits concerns the advance of ice over the Barents and the
Kara Seas which is not reproduced in our simulations. This
effect, which appears in all the simulations, is due to the ab-
sence of any explicit representation of the ice flow through
the marine part of the ice sheets in the GREMLINS model. ~ w1 -
Although there is a parameterization which deals with the 1 &4 : ‘ ‘ ‘ ‘
advance of ice into the sea, this advance is not rapid enough ? e (kyf;P) °
to properly reproduce the growth of the Barents-Kara Sea

ice complex. The ice sheet simulated with the use of MRI2Z  * T¢ Eorasia
does not penetrate southward enough, due to warm simulated.
summer surface air temperatures, especially to the South ofgi *
the Scandinavian region, compared to those obtained with $

D 10 -

other GCMs. On the contrary, with the UGAMP model, the 5
ice covering the Scandinavian region extends too much to the’s s | -
South in response to cold annual and summer temperatures
added to a high precipitation ratio in this region. The ice cov- o ‘ = T ‘ ‘ ‘
erage over Scandinavia is too small with LMD5 and GENE-  rmetw Bl ’
SIS2 due to warmer surface air temperatures (Figs. la-b).

However, both these models present the best agreement witkig. 8. Temporal evolution of the simulated ice volumes for the
the reconstruction of the Eastern ice-sheet limit. Finally, allNorthern Hemispherdga) and for the North Americar(b) and
models simulate ice over the British Isles, although they wereEurasian ice shedt). The different curves correspond to the six

unlikely to be glaciated during the Middle Weichselian pe- different AGCM: ECHAM3 plack line), UGAMP (red line), GEN-
(grey line). The dashed line represents the ice-equivalent sea-level
contribution of the Northern Hemisphere (see text).

a

Northern Hemisphere

a0 I

]
Y

Ice Volume (105 m?)
8
L
T

At the Last Glacial Maximum, the reconstruction of the ice
limits is relatively well known. The Barents-Kara ice com-
plex was strongly reduced and did not expand further east 08.2 Temporal evolution of the ice-sheet characteristics
Novaya Zemlya (Svendsen et al., 2004). None of the mod-
els used in the present study successfully simulate the rece$.2.1 The simulated Northern Hemisphere ice volumes
sion of the Barents-Kara Sea ice sheet, and except for MRI2,
the ice volume and the ice extent are larger compared to th&he evolution of the simulated ice volumes throughout the
Early Middle Weichselian period (Fig. 6). On the other hand, last glacial cycle is displayed in Fig. 8 for the overall North-
on the western side, the ice sheet advanced much more in ttern Hemisphere and for the specific contributions of the past
southwestern part, leading to a bridge between Scandinaviblorth American and Eurasian ice sheets. Each curve is re-
and the British Isles, not reproduced by GREMLINS what- lated to one GCM forcing. The dashed line represents the
ever the GCM outputs used as climate forcing. However,Northern Hemisphere ice sheet contribution to sea-level vari-
these major drawbacks are due to the ICE-4G reconstructioation relative to the present-day level. This curve is obtained
itself which favours a huge ice sheet at the LGM over theby removing the Antarctic contribution to the sea-level re-
Barents-Kara Seas region and, in which the junction betweermonstruction provided by (Bassinot et al., 1994) and con-
the European continent and the British Isles is not properlyverted in ice volume equivalent, and by adding the present-
represented. Finally, as in the Middle Weichselian period,day contribution of Greenland~Q2.6x10*md) to allow a
the ice coverage over Scandinavia remains insufficient in thalirect comparison between the simulated ice volume and
simulations performed with LMD5 and GENESIS2. the sea-level derived from experimental data. The evolu-
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effect of the ice albedo which acts as an amplifier of the
cooling mechanism and dominates the effect of accumula-
tion which is rather responsible for the evolution of the ice
thickness and hence of the ice volume. These conclusions
were previously reached by Kageyama et al. (2004). How-
ever, as previously mentioned to interpret the rapid expan-
sion of ice around 112 kyr BP (Fig. 4), the albedo effect
is overestimated due to the use of LGM climate snapshots.
The period following the ice-sheet nucleation is character-
ized by three main phases of major ice sheet growth punc-
tuated by shorter episodes of ice retreat. The phases of ice
volume increase occur between 113 and 106.2 kyr BP, 100.2
and 83.5 kyr BP and between 79.2 and 57.3 kyr BP, where a
® g i full glacial state takes place (see also Fig. 5). At 57.3 kyr BP
o \/ i the Northern Hemisphere ice volume is only 10% lower than
the last glacial maximum value, located at 18.2 kyr BP, ex-
*] i cept for ECHAMS3 (83% of the LGM ice volume) and MRI2
o ‘ : : : : : (71%). In the same way, at 57.3 kyr BP, the glaciated area is
* e (kngp) ° between 92 and 97% that obtained at the time of the LGM,
depending on the GCM. After 18.2 kyr BP, the ice volume
“Te S slightly decreases until 16.6 kyr BP. It then remains approx-
imately stable until about 15.0 kyr BP where the main phase
0 L of the deglaciation is triggered. As described in (Charbit
et al., 2002), this phase is correlated with a warming event
observed in the GRIP record. A slight increase of the ice
volume is then observed and corresponds to the Younger-
Dryas. The deglaciation of the North American ice sheet is
0 ‘ ‘ ‘ ‘ ‘ ‘ achieved approximately between 5 and 2 kyr BP, depending
P ety ’ on the GCM, whereas for all models the complete retreat of
Fennoscandia occurs between 6 and 5 kyr BP. Therefore, the
simulated deglaciation is well delayed compared to that in-
ferred from the GRIP record and eustatic sea-level rise data
(e.g., Bard et al., 1996b).
) o . In spite of the common features mentioned above, some
tion of the Antarctic ice volume throughout the last glacial- cje4r differences appear between the results of the different
interglacial cyclt_a is estimated with the GRISLI Antarctic ice- ns. The most striking feature is related to the amplitude of
sheet model (Ritz et al., 2001), and the present-day Greenpe gifference between glacial and interglacial ice volume (or
land _contrlbunon is estlma_ted by averaging the re_sults Ofice coverage area) from one GCM to the other, and more gen-
the six PMIP-GREMLINS simulations. The conversion be- grqly, petween phases of growth and retreat of the ice sheet.
tween sea-level and ice volume equivalent is made by assunmyigyre g clearly shows that the highest simulated ice volumes
ing a constant oceanic area throughout the simulation (i.egre optained by using the UGAMP and CCSR1 outputs as
~3.6x 104 m?). climate forcing. In contrast, the use of MRI2 produces the
The evolution of the ice covered area is represented idowest ice volume throughout the simulation except at the
Fig. 9. Since it is controlled by the timing of the GRIP LGM because of the contribution of the Eurasian ice sheet.
record, the temporal evolution of both ice volumes and ice-While LMD5 and GENESIS2 lead to “intermediate” ice vol-
covered-area is approximately the same for all the six sim-umes, the case of ECHAMS is particularly interesting. In fact
ulations. Although, small ice caps are formed as early asduring the early phase of glacial inception (between 113 and
126 kyr BP (Fig. 9), they are then subjected to phases of dis106 kyr BP), the simulated ice volume is of the same order of
appearance/appearance, and the initiation of the ice sheetsagnitude than those obtained with LMD5 and GENESIS2.
really takes place at around 113 kyr BP, as marked botlHowever, after 70 kyr BP, it becomes greater (it increases
in ice volume and ice-covered area signals (Figs. 8-9), aby ~42% between 70 and 60 kyr BP) and reaches some val-
well as in the spatial distribution of the ice sheets (Figs. 3—ues close to those obtained with CCSR1 and UGAMP. In the
4). The ice volume growth is slower than that of the ice same way, though the ice volume simulated with the MRI2
surface. This confirms that the glacial inception is primar- climate remains at a low level, especially prior to 70 ka, it
ily characterized by a rapid extension of the ice due to thepresents the most significant variations during the full glacial

Ice Covered Area (10'2m?)

Time (kyr BP)

b Laurentide

Ice Covered Area (10'2m?)

Ice Covered Area (10'2m?)

Fig. 9. Same as Fig. 2 but for the ice-covered area.
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period : between 70 and 60 kyr BP, the amplitude increases$ully comparable to that resulting from the LMD5 forcing
by ~72% and by~57% between 60 ka and the Last Glacial climate until 95 ka, but widely below it after this period. This
Maximum. As an example, this can be compared to the icecan be explained by the surface temperatures at the frontier
volume curves obtained with LMD5 and GENESIS2 which between the Laurentide and the Cordilleran ice sheets which
respectively increase by 14% and 10% during the same peare higher than over the other regions of Canada. This pre-
riod, or with CCSR1 and UGAMP (14 and 15% increase re-vents both ice sheets from coalescing, therefore limiting the
spectively). increase of the ice volume (see Sect. 3.1). The lowest ice
volume during the entire simulation is obtained by forcing
3.2.2 Links between ice volumes, climate forcing and spa-GREMLINS with MRI2. The magnitude of the MRI2 pre-
tial distribution cipitation ratio is between 0.4 and 0.6, but the temperatures
are warmer than the LMD5 ones (not belev25°C in sum-
The same kind of differences also appears in the ice volmer and—20°C for the annual mean).
ume curves relative to the American or the Fennoscandian The ice volume curves relative to the Eurasian ice sheet
ice sheets. These differences can be interpreted in terms @fan be split in two groups: UGAMP, ECHAM3 and CCSR1
climate forcing and spatial distribution of the ice sheets. on one hand and LMD5, MRI2 and GENESIS2 on the other.
For the Laurentide ice sheet, the largest ice volumes ar@he first group of models is characterized by low annual
obtained with UGAMP and CCSR1 which provide the cold- temperatures (i.e. the variation between past and present is
est temperatures over the Canadian region (Fig. 1): the-4(°C over a large part of the Fennoscandian area, espe-
changes in summer surface air temperature between theially for ECHAM3 and CCSR1). The precipitation ra-
LGM and the present-day periods can be as high-48C tio is relatively small for ECHAM3 and UGAMP (0.2-0.4
for both models over a great part of the ice complex (Fig. 1b).North of Scandinavia), but comparable with that of MRI2
The precipitation ratio between the LGM and the present-dayfor CCSR1. Between 100 and 85 kyr BP, the ice volume
climates simulated by UGAMP is rather small on the west- simulated with ECHAM3 is greater than that obtained with
ern and eastern parts of the ice sheet, but can reach a valudGAMP and CCSR1, due to the fact that ECHAMS3 simu-
as high as 2.5 in some specific locations such as the wind exates the lowest summer surface air temperatures. This acts
posed slope of the Rocky Mountains or the southern margirin favour of glaciation especially during the inception pe-
of the Keewatin region (Fig. 1c). Among the GCMs used in riod. After 60 kyr BP, that is, during the full glacial period,
this study, CCSR1 is the model which simulates the highesand until about 10 kyr BP the highest volume is obtained
LGM/CTRL precipitation ratio over the North American ice with UGAMP which simulates a cold tongue extended far
complex. The LMD5 model provides summer temperaturesto the Northeast of Scandinavia. The second group of mod-
as cold as those given by UGAMP and CCSR1 but the LGMels is characterized by slightly higher precipitation ratios and
precipitation ratio between the LGM and the present-day pesmaller changes in summer temperatures (betwezmand
riods does not exceed 0.6. Until 65 kyr BP, the simulated—20°C for LMD5 and—20 and—15°C for MRI2 and GEN-
ice volume obtained with ECHAMS3 is below that obtained ESIS2), and also by the fact that the regions where the cold-
with the LMD5 climate, and becomes greater after this pe-est temperatures are observed are less extended compared
riod (see previous section). This can be explained by the facto temperature patterns provided by the first group of mod-
that, although the ECHAMS precipitation ratio between pastels, suggesting that the evolution of the Eurasian ice sheet is
and present is high over the southern part of the ice comrather sensitive to the temperature than to precipitation.
plex (>1.6), the simulated summer temperatures are widely This discussion highlights the strong link between ice-
higher than the LMD5 ones (Fig. 1b). Since glacial inception sheet inception in some specific regions, and thus their fur-
is primary driven by the temperature signal the ice volumether development, and the overlying temperature combined
remains at a low level before the second phase of inceptionvith the accumulation rate. Table 2 reports the mean cli-
is reached, that is before the full glacial period. Moreover, mate (in terms of mean temperature and mean precipitation
since the ice sheet is located at low latitudes (Fig. 4) it is senratio). Although these mean values cannot account for the
sitive to any change in temperature. At 65 kyr BP an abruptice history in given locations, they schematically illustrate
decrease in the temperature reconstructed at the surface afhy some climate models lead to higher volumes than oth-
the ice sheet is observed in the GRIP signal (Dansgaard &frs. They also underline the dominant role of summer tem-
al., 1993). This decrease in the temperature signal added tperature compared to the annual temperature.
the high precipitation value leads to a significant increase in
the ice volume. This change in the evolution of the ice vol- 3.2.3 Model-model and model-data comparisons
ume signal is not observed with LMD5 because the precip-
itation ratio is lower over the ice-sheet location. The situa-At the LGM (i.e. 18.2 kyr BP) the Northern Hemisphere
tion is different for the comparison between GENESIS2 andsimulated ice volume is between 43.6 and 23L8'° mS.
LMD5: the GENESIS2 higher summer temperatures com-This range can be compared to that provided by Milne
bined with higher precipitation rates lead to an ice volumeet al. (2002) obtained with a radial viscoelastic ice-Earth
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Table 2. Mean climate forcing. Simulated mean summer and annual temperatures over the North American ice shid&i$Tgad
TannNAIS) and the Fennoscandian ice sheet ()& and TantFIS) and simulated mean annual precipitation ratio between the LGM and
present Loy/ Petr)-

Models TjjaNAIS (°C) TannNAIS (°C)  (Pox/Petr))-NAIS  Tjja_FIS °C) TannFIS °C) (Po1x/Peir1)-FIS

ECHAM3 —-13.7 -12.0 0.84 —-155 —20.0 0.62
UGAMP -14.6 —-12.7 0.81 —-13.4 -17.0 0.63
CCSR1 —-15.6 —-15.0 0.87 —13.6 —-19.0 0.72
GENESI2 -12.9 —-13.2 0.84 —-9.6 —16.8 0.49
LMD5 —-15.9 —-11.7 0.69 -11.0 -12.9 0.54
MRI2 —-13.2 -10.7 0.72 -91 —-131 0.55

model used to predict the sea-level change from the LGMsimulations. However, compared to these reconstructions,
to present in four far-field sites, and based on a revised thecthe first group of models (2:810'° m3-5.6x10°m?) un-
retical formalism incorporating the Earth rotational effects derestimates the ice volume, while the ice volumes obtained
on sea level, a time-dependent shoreline geometry and awith the second group (10:8L0Y°m3-14.7x10®m3) are
accurate treatment of sea-level change in regions of ice reeverestimated.

treat. By de-constructing the spatially uniform versus the 14 qantify the uncertainties associated with glaciological
spatially varying signals of sea-level change and by isolateconstructions of the North American ice sheet, Marshall

ing the contributions of ice loading, ocean loading and_ro-et al. (2002) carried out numerous experiments with a 3-D
tational effects they concluded that the meltwater contribu-ynarmo-mechanical model prescribing different climatic con-

tion dominates the far-field sea-level change signal. Thisyitions and different glaciological and isostatic treatments.
meltvxllater component can be explicitly (Flemming et al., consjdering only the simulations which gave a reasonable
1998; Yokoyama et al., 2000) or implicitly (Peltier, 1994) o5 extent of the ice sheet, this provided values ranging
estimated by correcting the observations for the contribu-om 285 to 38.% 105 m3 only in accordance with the

tion of the glacial isostatic adjustment. Based on two CON-modeling results obtained with GENESIS2 (368015 m3)
trasting interpretations of Barbados coral data, they obtained,, 4 MRI2 (37.% 10" md). Using an ice-sheet model, forced
estimates of the grounded ice volume ranging from 43.5, g1ohal sea-level and solar insolation changes, Siegert et

53 e wi
to 51.0<10°m’. These values are fully com%aﬁlsbleswnh al. (1999, 2001) modeled the Eurasian ice sheet through the
the ice volumes obtained with GENESIS2 (48B)°m”), | 4te Weichselian period. They adjusted their “model’s cli-

MRI2 (46.5<10'°m°) and LMD5 (51'2’;1%15 m°) out-  ate forcing function” to produce a minimum and a maxi-
puts, and 55”%983'[ that ECHAM3 (68‘5'2%1 m?), UGAMP  1um ice sheet reconstruction compatible with geological and
(73.7x 1(_)1 m*) and CCSR1 (71710°m ) cannotprovide  oceanographic datasets. The simulated LGM ice volumes
a realistic climate forcing at the LGM. This is confirmed by ..o respectively at around 5 anc& 80'°m?3, in agreement
the comparison between the sea-level curve and the SimW‘vith what we find with LMD5 only (5.4 105 m3): the re-

lated ice volumes. sults obtained with GENESIS2 and MRI2 are well below the
. . . 5 3
To go a step further, it is also interesting to exam- Minimum ice vg{gmg, whereas UGAMP (1641<51013 m"),
ine which amount of ice is distributed over the North CCSR1(10.510m?) and ECHAM3 (11.&10™m?) pro-
American and the Eurasian ice sheets at the LGM (i_e_wde values which widely exceed those obtained with the

18 kyr BP in the simulations). The contributions of both ice Maximum model.

sheets range respectively from 36.9 to 5219'° m? (36.6— The comparison between our results and other modeling
52.4x 10 m?3 at 21 kyr BP) and from 2.8 to 14x710*®m3  studies or sea-level data suggests that most of the simula-
(2.7-13.5¢10*>m? at 21 kyr BP). For the North American tions presented in this study overestimate the ice volume
ice sheet, our results are neither compatible with the ICEthroughout the last glacial cycle. This can be due to sub-
4G ice-sheet reconstruction (Peltier, 1994) used as boundamgrid processes, not represented in the ice-sheet model, which
condition for the AGCM LGM runs, nor with the more re- may have had accelerated the ice flow, such as the flow of
cent ICE-5G topography (Peltier, 2004). Both reconstruc-several large glaciers which accelerates the overall ice dis-
tions provide ice volume values which are well below our charge, as it has been demonstrated with recent measure-
lower limit (24.5x10®m?® and 34.3%10"m? for ICE-4G ~ ments for the Greenland ice sheet (Dowdeswell, 2006; Rig-
and ICE-5G respectively). The reconstructed Fennoscandianot and Kanagaratnam, 2006). Morover, it is also worth re-
ice volume is 8.%10°m3 for ICE-4G and %10®m? for ~ minding that fast flow due to ice streams or basal-till defor-
ICE-5G. These reconstructions lie in the range of our set ofmation is not accounted for in GREMLINS. The Antarctic
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Table 3. Simulated and reconstructed LGM ice volumes. Simulated maximum ice volumes (at 18.2 kyr BP) corresponding to each GCM
compared to reconstructed LGM (21 kyr BP) ice volumes from ICE-4G (Peltier, 1994), ICE-5G (Peltier, 2004) and from sea-level data.
These values are given for the entire Northern Hemisphéyg Y, the North American ice shee¥(ais), the Fennoscandian ice sheet
(VR1s). Column 5 gives the simulated LGM ice volume in the Eastern Siberian regigg) ( Column 6 gives the Northern Hemisphere

LGM ice volume corrected for fast flow. This correction is made by removing 8a° m?3 (see text) from the Northern Hemisphere ice
volume. Column 7 gives the Northern Hemisphere LGM ice volume after correction for fast flow and for the Eastern Siberian ice volume.

Models & VNH VNAaIS VEIs Vsib VnH —fast flow Yy — fast flow —Vgjp
Reconstructions X101°m3)  (x10°md)  (x10m3) (x10°m3)  (x10°md) (x101°m3)
ECHAM3 68.1 49.9 11.8 2.0 60.1 58.1
UGAMP 73.6 50.5 14.7 3.8 65.6 61.8
GENESIS2 43.4 36.8 2.8 0.5 354 34.9
CCSR1 71.5 52.8 10.4 34 63.5 60.1
LMD5 51.0 41.9 5.2 0.08 43.0 42.9
MRI2 46.5 37.2 3.9 1.5 38.5 37.0
ICE-4G 40.0 245 8.7

ICE-5G 49.8 34.3 9.0

Ice-equivalent sea-level 56.1

(x105m3)

ice-sheet model, GRISLI, (Ritz et al., 2001), has recently In the Eurasian sector, the discrepancies between simu-
been applied to the Northern Hemisphere (Peyaud, 2006)ated ice sheets and geological data could also come from the
This model relies on the same equations than GREMLINSabsence of the ice-shelf dynamics in GREMLINS (Peyaud,
for the grounded ice, but it also accounts for the flow through2006) and from shortcomings in the ICE-4G reconstruction,
ice —shelves, computes dynamically the grounded ice migraas already mentioned. If the amount of Eastern Siberian ice
tion and detects the ice stream zone where the flow is considis removed (geological data show that this region has never
erably accelerated. Using this latter model, Peyaud (2006peen ice-covered), the UGAMP and CCSRL1 ice volumes are
performed simulations of ice sheets over the last glacial-espectively 61.810"°m3 and 60.% 105 m3, well above
interglacial cycle. The forcing climate relies on a pertuba-the value of 56.%¥10'>m? corresponding to the sea-level
tive method of the present-day climate, and the anomalies ofonverted into ice volume. This computation has been per-
climatic fields between glacial and interglacial periods andformed for all the GCMs used in the present study and the
used to force GRISLI are interpolated through time using theresults are reported in Table 3. The use of the LMD5 model
GRIP-based'®0 index. These anomalies are not computedprovides the most compatible value with the ICE-4G LGM
by GCMs but are deduced from an inverse method and ar@alue. The ECHAM3 model leads to a value close to the sea-
constrained by ice margin limits consistent with geological level equivalent ice volume value. UGAMP and CCSR1 lead
data. Sensitivity experiments to parameters which controlto too high volumes, even after corrections for strong sliding
the water drainage efficiency have been carried out. The difand Siberian ice volume, whereas, GENESIS2 and MRI2 ice
ference of LGM ice volumes between the baseline expervolumes are significantly too small. However, these volume
iment (which is equivalent to a grounded ice-only experi- corrections partly rely on the correction of streaming (and
ment in which no streaming occurs, and thus fully consis-set to its maximum value of 8:010*>m?3). To go thoroughly
tent with a GREMLINS experiment) and the most dynamic we need to account for the deformation of sediments which
experiment is about 8:010°m3. This comparison allows is responsible for a great part of the ice streams flow. More-
the impact of ice stream flow to be evaluated. As an exam-over, the lack of any fast flow treatment may also be at the
ple the highest LGM ice volumes are obtained in the presentrigin of our delayed deglaciation. This demonstrates that
study with the UGAMP and CCSR1 models (78 801> m3 an adequate representation of fast flow processes is of great
and 71.5¢10° m3 respectively). Accounting for streaming importance to test the impact of sediment deformation to im-
could lower these values to 65@0"° m3 and 63.5¢101°m®  prove our simulations. This question will be addressed in
respectively. Moreover, the choice of too high lapse ratea future paper devoted to same kind of study but with the
values (Marshall et al., 2006) could lead to an overestimaPMIP2 AO-GCMs, run with the updated ICE-5G reconstruc-
tion of the ice volumes throughout the simulation. However, tion at the LGM. These new runs will force the new GRISLI-
this would also affect the ice volumes simulated with the useNorth model.

of LMD5, MRI2 and GENESIS2, and not only those forced

with UGAMP, CCSR1 and ECHAMS.

www.clim-past.net/3/15/2007/ Clim. Past, 3, 15-37, 2007



34

4 Conclusions

The climatic outputs from six PMIP-AGCMSs have been used
to force a 3-D thermo-mechanical ice-sheet model. This
study reveals some great differences from one simulation to
the other related both to the simulated temporal evolution of
the ice volumes and ice-covered area and to the shape and
spatial distribution of the ice sheets. The differences related
to the evolution of the ice volumes can be partly directly in-
terpreted in terms of climate forcing. Moreover, these differ-
ences also depend on the location of primary ice sheets which
is, by the way, directly influenced by the climate itself. As
an example, ice masses located at low latitudes in the early

ation than a higher latitude ice sheet.

The comparison of our simulated ice sheets with geologi-
cal and sea-level data highlights the importance of some ma-
jor ice-climate feedbacks and raises the question of to which
extent this kind of approach enables to test the ability of
GCMs to simulate a climate leading to ice sheets compati-
ble with available geological and geomorphological recon-
structions. The differences between observations and sim-
ulations may come from i) the method of the climatic in-
dex, which may induce artifacts because the climatic vari-
ations during the last glacial-interglacial cycle are unlikely
to be the same than those recorded at the GRIP site, ii) the
choice of the vertical lapse rates which may overestimate the
ice volumes if they are set to too high values, iii) the cli-
mate models or lacking processes in the ice-sheet models,
iv) the-ICE-4G reconstruction: this work highlights the im-
portance of having an accurate ice-sheet boundary condition

for paleo-intercomparisons of GCMs. Actually, none of the ¢

simulations presented in this study is able to reproduce ice
sheets in full agreement with observations.
The main points of disagreement concern:

1. The location of sites of primary inception which can
directly be attributed to the climate forcing. For the
Eurasian ice sheet, the Taimyr Peninsula is reason-
ably glaciated. However, observations indicate that
the regions of ice-sheet inception in North America
were those bordering the Eastern coast (Baffin Island
and Quebec-Labrador sector) as well as the uplands of
Northeastern Keewatin, which is not perfectly repro-
duced in the simulations.

. The chronology of the simulated glaciation of the Rocky

3.

S. Charbit et al.: Ice sheets evolution during the last climatic cycle

of LGM climate snapshots in the climate forcing over-
estimates the albedo effect throughout the simulation in
regions covered by snow at the LGM, and, hence, accel-
erates the glaciation process. Subsequently, the advance
of ice in Alaska is probably favored, via the artifact
albedo effect, by the early glaciation of the Cordilleran
ice sheet.

The absence of a multi-domed ice sheet which, accord-
ing to Tarasov and Peltier (2004) likely results from the
lack of representation of fast flow due to basal-till de-
formation.

phase of glaciation are more sensitive to a temperature vari- 4- The presence of ice in Siberia, which is not due to the

absence of any representation of the feedback processes
of the ice sheets on climate, since Siberia has remained
unglaciated throughout the last glacial-interglacial cy-
cle. In fact, the glaciation of the Siberian region is
probably linked to the cold temperatures simulated by
the climate models in response to the erroneous amount
of ice provided by the LGM ICE-4G reconstruction
(Peltier, 1994).

5. The too large eastward expansion of the Eurasian ice

7.

sheet around the Middle Weichselian period due partly
to the ICE-4G reconstruction and to the fact that our

approach is not able to reproduce a reduction of precip-
itation in the Eastern part, concomitant with the growth

of ice over the Scandinavian region, nor the reduction
of snow albedo due to dust deposition in Northern Asia
during glacial times (Krinner et al., 2006).

The insufficient penetration of the Barents-Kara sea ice
sheet into the sea, which is due to the absence in the
GREMLINS model of any explicit representation of the
ice flow through the ice-shelves (Peyaud, 2006; Lam-
beck et al., 2006).

The extent of the Scandinavian ice sheet: very few mod-
els succeed in simulating a reasonable amount ice over
Fennoscandia (except the simulations carried out with
ECHAM3 and UGAMP). This can be analyzed in terms
of mean summer temperature and of a deficit of precip-
itation in the north leading to an insufficient northward
expansion of the ice sheet. This raises the question of
the sensitivity of the ice-sheet model to the climate forc-

ing.

Mountains region which starts to be glaciated as earlyThis study clearly demonstrates the great sensitivity of the
as 113 kyr BP, while according to data, the Cordilleran ice sheets to the climate forcing. The great variability in the
ice sheet does not appear to have developed beforsimulated climates used in the present study induces large
75 kyr BP when the Laurentide ice sheet was highdifferences in simulated ice sheets. Moreover, owing to the
enough to induce a displacement of the jet stream. Thidact that some ice-climate feedbacks cannot be accounted for
sequence of events cannot be properly reproduced witlwith this kind of approach, the magnitude of the climatic im-
our approach due to the absence of any ice-sheet feepacts on the ice sheet evolution are likely to be poorly esti-
back on the atmospheric circulation. Moreover, the usemated.
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