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Abstract

This thesis focuses on the glaciation of the Late Saalian period (160 -140 ka) over Eurasia.
The Quaternary Environment of the Eurasian North (QUEEN) project determined that during this
period, the Eurasian ice sheet was substantially larger than during the entire Weichselian cycle
and especially than during that of the Last Glacial Maximum (21 ka, LGM). The Late Saalian
astronomical forcing was different than during the LGM while greenhouse gas concentrations were
similar. To understand how this ice sheet could have grown so large over Eurasia during the
Late Saalian, we use an Atmospheric General Circulation Model (AGCM), an AGCM coupled to an
oceanic mixed layer and a vegetation model to explore the influence of regional parameters, sea
surface temperatures (SST) and orbital parameters on the surface mass balance (SMB) of the Late
Saalian Eurasian ice sheet.

At 140 ka, proglacial lakes, vegetation and simulated Late Saalian SST cool the Eurasian climate,
which reduce the ablation along the southern ice sheet margins. Dust deposition on snow has the
opposite effect. The presence of a Canada Basin ice-shelf during MIS6 in the Arctic Ocean, does
not affect the mass balance of the ice sheet. According to geological evidences, the Late Saalian
Eurasian ice sheet reached its maximum extent before 160 ka. Northern Hemisphere high latitudes
summer insolation shows a large insolation peak near 150 ka. The simulated climate prior to 140
ka is milder and ablation is larger along the southern margins of the Eurasian ice sheet although the
mean annual SMB is positive. The Late Saalian Eurasian ice sheet may have grown large enough
to generate its own cooling, thus maintaining itself over Eurasia.
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Résumé

Ce travail se concentre essentiellement sur le glaciation de la fin du Saalien (160 -140 ka) en
Eurasie. Les résultats du projet Quaternary Environment of the Eurasian North montrent que du-
rant cette période, la calotte Eurasienne était plus grosse que durant le Dernier Maximum Glaciaire
(LGM, 21 ka). Les paramètres orbitaux de ces deux périodes étaient différent alors que les con-
centration de gas à effet de serre étaient identiques. Afin de comprendre comment cette calotte
a pu atteindre cette taille en Eurasie durant la fin du Saalien, nous avons utilisé un modèle de
circulation générale atmosphérique (AGCM), un AGCM couplé à une couche mixte océanique ainsi
qu’un modèle de végétation pour explorer l’influence des paramètres régionaux, des températures
de surface océaniques et des paramètres orbitaux sur le bilan de masse en surface de cette calotte
Saalienne.

A 140 ka, les lacs proglaciaires, la végétation et les température océaniques simulées refroidissent
le climat régional, diminuant l’ablation le long des marges Sud. Les dépôt de poussière au contraire,
réchauffent le climat. La présence d’un ice-shelf dans l’Océan Arctique durant le MIS 6 n’affecte pas
le SMB de la calotte eurasienne. Selon les données géologiques, la calotte Saalienne avait atteint sa
taille maximale avant 160 ka. L’insolation d’été dans les hautes latitudes montre un pic très net vers
150 ka. La climat simulé avant 140 ka est plus humide et l’ablation le long des marges sud est plus
importante bien que le SMB reste positif. La calotte Saalienne semble avoir été suffisement grosse
pour générer son propre refroidissement régional et se maintenir en Eurasie jusqu’à la Terminaison
II (130 ka).
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This thesis consists of a summary chapter, five appended papers and of appendices constituted
by three appended papers.
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1.1 Background and Scientific
Motivations

Recently, new reconstructions of the Eurasian ice
sheet extents of the last four major glacial max-
ima (Figure 1.1, Svendsen et al. (2004)) have
been proposed by The Quaternary Environment
of the Eurasian North project (QUEEN):

- the Late Saalian (180 - 140 ka)

- the Early Weichselian (100 - 80 ka)

- the Middle Weichselian (60 - 50 ka)

- the Late Weichselian (21 - 15 ka).

These extents have been determined by mapping
marine and terrestrial glacial morphology. From
these maps, it appears that the Late Saalian ice
sheet (glacial maximum at !140 ka referred
to as the Late Saalian over Eurasia1) was the
largest Northern Eurasian ice sheet of the last
four Quaternary glacial maxima. From various
evidence (Ehlers et al., 2004), it appears that
this ice sheet started to grow before 160 ka (ma-
jor ice advance), retreated slightly northward
toward 150 ka, re-advanced at 140 ka (Late
Saalian glacial maximum) and finally collapsed
at Termination II (! 130 ka). Moreover, dur-
ing the entire Weichselian glacial cycle, the ice
volume has apparently been transferred West-
ward from an initial position centered over 70!N
- 110!E at 90 ka toward a final position cen-
tered over Scandinavia during the Last Glacial
Maximum (LGM, 21 ka). However, the dynam-
ical processes of this “migration” are still poorly
known and have not been discussed in depth in
literature.

1This ice sheet existed during the Marine Isotope Stage
6 (MIS) glacial period, but, we will also henceforth use
the term “Late Saalian” also when referring to the global
environment at this time.

Most of the studies on glacial climate and
ice dynamics focus on the LGM or the last We-
ichselian glacial/interglacial transition, probably
because these are the best documented periods
geologically (e.g., Calov et al., 2005a,b; Bonelli
et al., 2009; Joussaume & Taylor, 1995; Bracon-
not et al., 2007, http://pmip2.lsce.ipsl.fr). The
Late Saalian period is “unusual” from many as-
pects compared to the LGM. Summer insolation
over the Northern Hemisphere high latitudes
and greenhouse gases (GHG) values were simi-
lar during both glacial maxima but the evolution
of insolation and orbital configuration prior to
the two glacial inceptions are different (Figure
1.2). When approaching !150 ka, summer inso-
lation at 65!N rises about 50 W.m"2. This is sim-
ilar in magnitude to the insolation peak at the
MIS 4/MIS 3 transition when the Eurasian ice
sheet almost reached the same extent as during
LGM (after ICE-5G Peltier, 2004). This raises the
three main scientific questions that motivated
this work:

• How could the Late Saalian ice sheet
grow so large over Eurasia and remain
stable until ! 140 ka and how did it im-
pact on climate at that time?

• Was the impact of the ice sheet on atmo-
spheric processes similar to during other
glaciations?

• How could the ice sheet survive the inso-
lation peak occurring at ! 150 ka?

This work concentrates on the exploration of
the impact from the regional continental factors
and global ocean surface conditions on the Late
Saalian Eurasian ice sheet. In particular, my
work focuses on the following:

1- the exploration of the impact of regional
continental parameters: proglacial lakes,
dust deposition
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Figure 1.1: Eurasian ice sheet extents as reconstructed by the QUEEN project for the last four major glacia-
tions. Modified from Svendsen et al. (2004)

2- the reconstruction of a vegetation cover in
equilibrium with the Late Saalian climate

3- the simulation of Late Saalian Sea Sur-
face Temperatures (SST) and the analysis of
oceanic forcings and feedbacks

4- the impact of an Arctic Ocean ice shelf on
the Northern Hemisphere climate

5- the simulation of the climate over the en-
tire 160 - 140 ka period with a particular
focus on the impact of the 150 ka Northern
Hemisphere summer insolation peak on the
Eurasian ice sheet

The entire work has been carried out us-
ing an Atmospheric General Circulation Model
(AGCM), an AGCM mixed layer ocean model
and a distributed vegetation model, to perform
Late Saalian climate simulations of 21 or 31
years (Section 1.3). To allow a comparison with
a well documented glaciation, most of the Late
Saalian simulations presented in this thesis have
also been performed for the Last Glacial Maxi-
mum (LGM).

In this introductory chapter, I first present a
review of the current knowledge about the Late

Saalian period (seldom discussed in literature)
in term of geological evidence and orbital con-
figuration. In this chapter, the Late Saalian is
compared to the LGM, when relevant, which is
generally considered as the reference glacial pe-
riod. The numerical models used to simulate
the Late Saalian and LGM are described with
an emphasis on some particular physical fea-
tures of interest in this work. Next, I present the
boundary conditions used to reconstruct the Late
Saalian glacial maximum. The peer-reviewed ar-
ticles resulting from the study of the interactions
between atmosphere, ice sheet, land and sea
surface conditions feedbacks and forcings are
briefly presented at the Kappa. Finally I discuss
the boundary conditions used in various simula-
tions carried out for this purpose and I conclude
on the perspectives that this work opens.

1.2 The Late Eurasian Saalian
period (160 ka - 130 ka)

What do we know about the Late Saalian time
period?

The Saalian is the European glacial period

2



Figure 1.2: Eccentricity, obliquity and 65!N June
insolation after Berger & Loutre (1991). The Last
Glacial Maximum (!21 ka), the peak Saalian (! 140
ka), the 150 ka insolation peak and the beginning
of the Late Saalian (160 ka) are indicated by arrows
(blue for stadials and red for interstadials). Orange
colored fields show the entire Marine Isotope Stages
2 (MIS) and 6 respectively.

spanning !380 ka to !130 ka. It has been
named after the German river "Saale", as the
stratigraphical reference loess deposit for this
glacial cycle is found in the vicinity of the river
(Kukla & Lozek, 1961). Using the Marine Iso-
tope Stages (MIS) from SPECMAP in combina-
tion with insolation values, Kukla (2005) di-
vides the Late Quaternary to super-cycles (Fig-
ure 1.3). Super-cycle II consists in the entire We-
ichselian period (from !130 ka) and the onset
of the Eemian interglacial while Super-cycle III
is consists in by the Holsteinian and the Saalian
periods taken together (!420 ka and !380 ka
respectively for their onsets). In this work we
focus on the Late Saalian period which corre-
sponds to the end of the "Full Glacial" phase of
Super-cycle III (Figure 1.3) according to Kukla
(2005) or to the end of MIS 6 (!180 kyrs to
!130 ka).

According to Svendsen et al. (2004), the ice
sheet extent was substantially larger during the
Late Saalian than during the LGM, especially
along its southern and eastern margins in Siberia
(Figure 1.1). Note that the Late Saalian ice sheet
extent displayed on Figure 1.1 represents the
maximum geographical extent and might not
have been reached synchronously everywhere

Figure 1.3: Late Quaternary glacial super-cycles af-
ter Kukla (2005). Abbreviations ‘SC’ stands for Super
Cycle and ‘ST’ for Super Termination. Orange box in-
dicates the Late Saalian period.

during the end of MIS 6. The green dotted line in
the Late Saalian map shown on Figure 1.1 rep-
resents the maximum Quaternary extent. This
implies that before the Late Saalian glacial max-
imum (140 ka), this Eurasian ice sheet might
have extended further to south, but geologi-
cal evidences of this potential larger extent are
scarce and their dating still holds uncertainties
at this stage.

How intense was the Late Saalian glacial pe-
riod compared to the previous and following
Late Quaternary glacial periods? Jouzel et al.
(2007) estimated the temperatures based on the
deuterium excess records from EPICA Dome C,
East Antarctica over the last 800 ka (Figure 1.4).
Masson-Delmotte et al. (submitted) calculated
the relative intensity of each glacial and inter-
glacial periods identified in the deuterium excess
from EPICA Dome C ice cores. They use arious
other proxies from EPICA Dome C were used for
comparison, such as CO2 and CH4 atmospheric
concentrations, aerosols (dust, Ca, Na) and past

3



Figure 1.4: Temperature difference between the deuterium excess (!D) temperatures estimates and the
average temperature of the last 1000 years (Jouzel et al., 2007). Temperature are estimated from the EPICA
Dome C deuterium excess from 800 ka, after correction for sea-water isotopic composition (Bintanja et al.,
2005) and for ice sheet elevation on EDC3 age scale (Parrenin et al., 2007). Numbers indicate the various
identified Marine Isotope Stages (even numbers stand for glacial periods while odd numbers correspond to
interglacials). The blue line indicate the higher temperatures limit reached by the interglacials prior to 420
ka.

ice volume estimates (Bintanja et al., 2005). The
EPICA Dome C proxy records were centred and
reduced to express their relative intensity using
a specific index. From this, it appears that the
two warmest interglacials are MIS 5.5 (130 ka)
and MIS 11(424 ka) while the two coldest are
MIS 13 (533 ka) and MIS 17 (712 ka) (Table 1a
in Masson-Delmotte et al. (submitted)). Com-
paring the glacial periods reveals that the cold-
est periods are MIS 2 (29 ka), MIS 12 (478 ka)
and MIS 16 (676 ka) while the two mildest are
MIS 14 (563 ka) and MIS 6 (191 ka) (Table 1b
in Masson-Delmotte et al. (submitted)).

The Late Saalian (MIS 6) is, according to
Masson-Delmotte et al. (submitted), the second
warmest glacial period during the last 800 ka
and it precedes MIS 5.5, which likely was one
of the warmest interglacials during the Quater-
nary period (Figure 1.4). In terms of ice vol-
ume, Bintanja et al. (2005) estimate that the
Late Saalian only had the sixth largest global ice
volume (LGM is seventh). This does not inter-
act with the fact that the Late Saalian Eurasian
ice sheet was the largest one. This only suggests
that the ice distribution over the various conti-
nental ice sheets was different that at the LGM
and that the Laurentide ice sheet might have
been smaller than at the LGM.

1.2.1 The Late Saalian Northern Hemi-
sphere topography

The Late Saalian is divided into three main sub-
stages: the Drenthe, Treene and Warthe (Ehlers
et al., 2004). The Drenthe (peak at ! 155 ka)
and the Warthe (peak at !143 ka) correspond
to phases of ice advance while the Treene sub-
stage is assigned to an ice retreat (occurring be-
tween the Drenthe and the Warthe substages).
These ice advances have not been clearly asso-
ciated with distinct moraines in Eurasia. How-
ever, the Drenthe ice sheet extent appears to
be the largest of the entire Late Saalian period.
In our experiments, the inferred Eurasian ice
sheet does not correspond specifically to one of
these three substages (Figure 1.1). Evidence of
a substantial isostatic depression caused by the
Late Saalian ice sheet has been found in Rus-
sia and Siberia (Astakhov, 2004). This isostatic
imprint suggests that the Eurasian ice volume
was larger during the Late Saalian compared to
the ice volumes of the following Weichselian ice
sheets. Due to the large isostatic depression,
proglacial lakes probably formed southward of
the ice sheet, similarly as during the Early We-
ichselian (Mangerud et al., 2004). This is further
discussed in Section 1.4.2.

The global eustatic sea level drop resulting
from the Late Saalian (MIS 6) glaciation is still
not constrained accurately, but seems to have
been of the same order as during the LGM (Ra-
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bineau et al., 2006). This issue is further ad-
dressed in the Section 1.9. Consequently, the
Arctic continental shelves were emerged and
since these presently make up as much as !53%
of the central Arctic Ocean area (Jakobsson,
2002), a sea level drop of 100-120 m below
present level would remove more than half of
the Arctic Ocean area. Furthermore, the Bering
Strait was closed and the Barents Sea compo-
nent of the ice sheet could have blocked the At-
lantic water flux that today takes place between
southern Svalbard and northern Norway (Fig-
ure 6.2).

In the Arctic Ocean, sedimentation rates and
sediment composition show a dramatic change
at the MIS 6/7 boundary (191 ka, e.g., Jakob-
sson et al., 2001; Spielhagen et al., 2004;
O’Regan et al., 2008). Prior to MIS 6, sed-
imentation exhibits low rates with a variabil-
ity in phase with the 41 kyrs obliquity cycle
while after the MIS 6/7 transition, sedimen-
tation increases in the basin and the glacial
periods are characterised by prominent coarse
grain intervals (O’Regan et al., 2008). There
is also a change in sediment provenance. The
cores covering MIS 6 from the Lomonosov Ridge
in the central Arctic Ocean contains dominat-
ing components originating from the Kara and
Laptev Sea area (Jakobsson et al., 2001; Spiel-
hagen et al., 2004). These changes in sediment
rate/composition/provenance were already dis-
covered in earlier studies by Spielhagen et al.
(1997), although an erroneous chronostratigra-
phy assigned the event in time to the MIS 16/17
boundary instead of the 6/7. The authors sug-
gested that the observed change indicate the ini-
tiation of the first large northern Eurasian ice
sheets reaching as far East as the easternmost
parts of the Kara Sea.

Geophysical mapping of the central Arctic
Ocean ridges and submarine extensions of the
surrounding continental shelves revealed that
areas generally shallower than 800-1000 m bel-
low the present sea level have been subjected
to glacial erosion (Jakobsson, 1999; Jakobs-
son et al., 2005, 2008a; Polyak et al., 2001).
The deepest and most severely glacially eroded
seabed surfaces have been dated to MIS 6
(Jakobsson et al., 2001, 2008b). The evidence
converge toward a possible existence of an ice
shelf developing in the Canada Basin and ali-
mented by McClure Strait, Amundsen Gulf and
Mackenzie ice streams coming from the Lauren-

tide ice sheet (Polyak et al., 2001; Jakobsson
et al., 2008b; Engels et al., 2008).

The author is not aware of a complete re-
construction of the Late Illinoian Laurentide ice
sheet which would be the North American equiv-
alent to the Eurasian Late Saalian ice sheet.
Since the LGM moraines in North America cor-
respond to the most extensive identified glacial
limits (Dyke et al., 2002), most of the evi-
dence of older Laurentide ice sheets has been de-
stroyed. Consequently, we assume that the Late
Illinoian ice sheet might have been close in size
to the LGM or smaller. The climatic impact of a
smaller Laurentide ice sheet topography is fur-
ther discussed.

1.2.2 Orbital parameters and Green-
house Gases (GHG)

Astronomical forcings at 140 ka

The principal orbital parameters are the eccen-
tricity, determining the shape of the Earth’s or-
bit around the Sun, the precession, modifying
the length of the seasons in both hemispheres as
well as the reference ellipse’s position of the sea-
sons, and the obliquity, that influences the sea-
sonal contrasts in high latitudes.

These orbital parameters directly influence
the distribution and quantity of insolation over
the Northern Hemisphere high latitudes, which
may in part regulate the glacial-interglacial cy-
cles (Hays et al., 1976). During a glacial pe-
riod, the summer insolation is an important pa-
rameter since it determines the amount of ab-
lation over the ice sheet (Huybers, 2006). The
65!N June insolation during the Late Saalian
glacial maximum and the LGM were similar
(Figure 1.2) but the extent of the Eurasian ice
sheets were nevertheless substantially different
during these two periods. Looking in detail at
the individual values of each orbital parameter,
there are however differences (Table 1.1). The
Late Saalian eccentricity and obliquity are both
larger than during LGM, which in fact will en-
hance the effect of the precession. During the
Late Saalian, perihelion occurred December 6
while it occurred January 17 during LGM. Win-
ter is consequently close to the Sun and summer
is close to aphelion (Figure 1.5a). This implies
that compared to the LGM:

• the effect of precession increases the con-
trast between the Northern and Southern

5



160ka 150ka 140ka 40ka 30ka 21ka Present-day

Eccentricity 0.028 0.029 0.033 0.014 0.017 0.019 0.017
Precession (!) 0.020 –0.028 0.031 0.000 –0.009 0.017 0.016
Obliquity (!) 23.43 22.48 23.42 23.60 22.25 22.95 23.45
Date of perihelion Feb. 7 June 28 Dec. 6 March 31 June 18 Jan. 17 Jan. 4

CO2 (ppm) 183 197 192 209 205 194 334
CH4 (ppb) 383 426 401 537 481 354 1477

Table 1.1: Orbital parameters (Berger & Loutre, 1991), CO2 (Petit et al., 2001) and CH4 (Spahni et al.,
2005) concentration value for the Late Saalian (160ka to 140ka), the end of MIS 3 (40ka to 30ka), the LGM
(21ka) and present-day. The date of each corresponding perihelion is calculated setting the vernal equinoxe
at March 21st.

Hemisphere temperatures (Raymo et al.,
2006) at 140 ka.

• the seasonal contrast will be more impor-
tant at 140 ka due to the larger obliquity

• because summer occurs close to aphelion
and spring occurs farther from the Sun than
during the LGM, this will reduce the snow
melting and enhances the Northern Hemi-
sphere cooling.

These points constitute the major astronomi-
cal difference between those two glaciations.

Evolution of insolation during the end of the
Late Saalian: 160 - 140 ka

According to the Milankovitch theory, the ice
age cycles are generally thought to be ultimately
driven by cyclical variations in the Earth’s or-
bit (e.g., Hays et al., 1976), although glacial in-
ception per se results from a complex interac-
tion between a suite of processes such as for ex-
ample land-ice feedbacks, atmosphere-ice feed-
backs, and ocean forcing (e.g. Kageyama et al.,
2004; Calov et al., 2005a). The nature of glacial
maxima also depends on the evolution of the in-
solation prior to the glacial maximum. Increas-
ing obliquity causes an annual average redis-
tribution of insolation poleward from 44!N or
S from the equator, whereas precession causes
insolation to change more uniformly with lati-
tude. Raymo et al. (2006) show that simulated
precession changes during a glaciation infer an
asymmetry between the hemispheres. This anti-
phasing leads to a growth or decay of ice sheets
out of phase between the Northern and South-
ern Hemisphere. The impact of precession is
further considered in Paper 3 and in the Discus-
sion of this thesis. The precession combined to

changes in eccentricity also causes variations in
the length of the seasons (Joussaume & Bracon-
not, 1997). This might an important impact es-
pecially during glacial periods, enhancing win-
ters and shortening summers.

Before 140 ka, June insolation at high lati-
tudes exhibits two major inflexions: a cold one,
relatively to present-day June insolation, at 160
ka almost similar in amplitude to 140 ka and an
insolation peak occurring around 150 ka (Fig-
ure 1.2). These variations in insolation are
caused by the variations in orbital parameters.

- At 150 ka: contrary to 140 ka, perihelion
occurs in early summer (June 28, Table 1.1)
and consequently winter is close to aphelion
(Figure 1.5b). Since summers occur when
the Earth is close to the Sun, the amount
of insolation at high latitudes increases by
approximately 50 W·m"2 relatively to 140
ka (Figure 1.2). This may be the cause
for the observed increase of !0.5! to 2!C
in SST towards 150 ka (e.g. Calvo et al.
(2001); Villanueva et al. (2002); Schaefer
et al. (2005); Pelejero et al. (2006)). How-
ever, the summer duration is on the other
hand shorter during 150 ka compared to
140 ka. This is the precession paradox:
strong but short summers (Huybers, 2006).

- At 160 ka: the orbital configuration is sim-
ilar to that of 140 ka. Perihelion occurs in
late winter (February 7, Table 1.1). Obliq-
uity is at an intermediate position in the
41 kyr cycle and is larger than at 150 ka.
Compared to 140 ka, summer occurs at a
shorter distance from the Sun which implies
warmer summers at 160 ka.

From these three time-slices, 140 ka presents
the most “glacial-friendly” orbital configuration
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Figure 1.5: Positions of the seasons using " val-
ues (angle from ascending node to perihelion) after
Berger & Loutre (1991): "0k = 101!; "21k = 115!;
"140k = 71!, "150k = –100!; "160k = 45!. a. Com-
parison between present-day, LGM and 140 ka; b. be-
tween 140 and 150 ka and c. between 140 and 160
ka. SE and FE stand for spring and fall equinoxes
respectively while SS and WS correspond to summer
and winter solstices.

in the Northern Hemisphere. This has implica-
tions for all the regional and global feedbacks
further investigated in this work.

The evolution of insolation prior to the Late
Saalian and the LGM appears to be significantly
different: June 65! insolation is almost con-

stant around 490 W·m"2 (Figure 1.2). How-
ever, Greenland ice-core analysis shows that the
apparently stable climate of continental Oxy-
gen Isotope Stage 3 (OIS) suggested by the ma-
rine oxygen isotope SPECMAP record is mislead-
ing (Meese et al., 1997). High-frequency series
of climate oscillations on the scale of several
millennia (Dansgaard-Oeschger, DO here after
Dansgaard et al., 1993), not associated with fluc-
tuations in insolation forcing, occurred during
this period, and the transitions between them
sometimes took less than a few decades (Wohl-
farth et al., 2008). The same DO events have
been identified in North Atlantic Ocean cores
(Bond et al., 1993).

Greenhouse gas

Greenhouse gas (GHG) past atmospheric con-
centration can be estimated from ice cores. Var-
ious ice drilling projects have been carried out
both in Antarctica and Greenland such as Vostok
(Petit et al., 1997, 1999), EPICA Dome C (Lo-
rius et al., 1979; Augustin et al., 2004) to ex-
tract the GHG signal from ice cores and recon-
struct their time evolution over the Quaternary
and their link with climate changes. The de-
bate to understand if atmospheric CO2 acted as
a forcing of the continental ice volume, implying
lags of about 5000 years between the ice volume
response and CO2 forcing, or as a feedback, im-
plying an immediate response of ice volume to
CO2, on the ice sheet surface mass balance is still
open (Ruddiman, 2006). Several studies show
that greenhouse gas (GHG) might be important
amplifiers of the initial orbital forcing and sig-
nificantly contribute to the glacial/interglacial
changes (Figure 1.6 e.g. Genthon et al., 1987;
Raynaud et al., 1993). In our work we use
the concentration values from Antarctica since
Greenland ice cores do not provide records old
enough to reach our period of interest. During
the Late Saalian, CO2 concentration from Vos-
tok and EPICA Dome C dropped to 192 ppm,
which is similar to the LGM concentration, and
CH4 dropped to 401 ppb, which is 50 ppb higher
than during the LGM (Table 1.1).

The highest estimated CH4 concentration in
the Northern Hemisphere occurs during the
LGM and in the high latitudes between about
65! to 70!N because at that time, most of
the Siberian plains were not glaciated (Krinner
et al., 2006) and accumulated 400,000 Tg of
organic carbon (Zimov et al., 1997). However,
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Figure 1.6: Late Quaternary greenhouse gas (GHG)
values, benthic !18O and Antarctic atmospheric dust
concentration. CO2 concentration is from Vostok (Pe-
tit et al., 2001), CH4 concentration from Dome C
(Spahni et al., 2005), benthic !18O from (Imbrie &
Duffy, 1993) and dust concentration from Dome C
(Delmonte & EPICA community members, 2004).

the available space for carbon uptake within the
Siberian soil also depends on the Eastern extent
of the ice sheets during the glaciations. Dur-
ing the Late Saalian, the Eurasian ice sheet area
was 56% bigger than its LGM ICE-5G counter-
part (Peltier, 2004). The main difference resides
in Eastern Siberia between 60! and 80!N which
corresponds to the region of highest carbon up-
takes and CH4 emissions. The impact of the ice

sheet extent might have contributed to the ob-
served difference between the Late Saalian and
LGM CH4 values (Table 1.1).

1.3 Numerical models

1.3.1 LMDZ4: the atmospheric general
circulation model

The LMDZ4 (Hourdin et al., 2006) general cir-
culation model is developed at the Laboratoire
de Météorologie Dynamique (Paris) and is the
finite-difference atmospheric component of the
IPSL-CM4 coupled model. The dynamical equa-
tions are discretised on the sphere in a stag-
gered and longitude-latitude Arakawa C-grid
(e.g., Kasahara, 1977). For all our experiments,
the model has been run with 96"72 grid cells
horizontally and with 19 vertical layers. The
horizontal resolution is irregular, varying from
the highest resolution of 100 km grid cells cen-
tered over Eurasia at 65!N/60!E to 550 km out-
side of the zoom. However, in our Arctic exper-
iments including a Canadian ice shelf, the hori-
zontal resolution reaches 60 km. The impact of
using a stretchable grid on climate has been dis-
cussed in Krinner & Genthon (1997) who show
that in the presence of strong topographic gradi-
ents, such as on the margin of the Late Saalian
ice sheet, the impact of higher spatial resolution
is clearly beneficial. The LMDZ4 takes into ac-
count the climatic impact of open water surfaces
and dust concentration in snow (Krinner, 2003;
Krinner et al., 2006) as detailed below.

Snow dust content: Krinner et al. (2006)

The calculation of the snow dust content is based
on a two-layer snow pack model in which the
maximum surface layer thickness hs,max is set to
8 mm (Figure 1.7). The total thickness is defined
as h = hs + hb where hb represents the thickness
of the bottom layer. The evolution of the snow
pack is defined as:

• if h < hs,max, # hb = 0 and h = hs

• if h > hs,max, # hs = hs,max and hb = h –
hs

Dust is distributed both in the bottom and sur-
face layers of the snow pack. The evolution of
the dust content of the snow in the surface layer
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Figure 1.7: Two-layer snow pack model as imple-
mented in LMDZ4. The surface layer hs thickness is
set at 8 mm. The bottom layer is represented by hb

while h stands for the total snow pack thickness. The
dust content of the snow is distributed between the
two layers: Ds for the surface layer and Db for the
bottom layer. L is the reduction in the surface layer
thickness when subjected to melting or sublimation.
When ablation occurs, the surface layer is automat-
ically reset to 8 mm, reducing the bottom thickness
of L. The dust content is then adjusted accounting
for that coming from the bottom layer that has been
readjusted (Equation 2).

Ds is described by:

dDs

dt
=

C

#hs
(1)

where C (kg.m"2.day"1) is a constant dust de-
position rate (e.g., Mahowald et al., 1999) and
# stands for the density of snow (330 kg.m"3).
When melting occurs, Ds is calculated according
to the readjustment of the surface layer thick-
ness of the snow pack and of the dust content of
the bottom layer Db:

Ds =
D#

sh
#
s + min(L, h#b)D

#
b

hs
(2)

where primes stands for the previous timestep
and L represents the reduction of the snow
height.

The albedo of snow is calculated accounting
for the underlying albedo, the snow grain size
and the dust content and averaged in the visible
and near-infrared spectra.

Water surface effects: Krinner (2003)

The lake model follows that of Henderson-
Sellers (1986). The model explicitly represents
the penetration of sunlight into the lake and its
gradual absorption; vertical eddy heat conduc-
tion as a function of friction, depth, and ther-
mal stability; convective overturning based on
vertical density gradients; water phase changes;
snow accumulation on ice (the lake surface can
freeze) and melt; sensible and latent turbulent
surface heat fluxes; and water balance terms.
In total, the lake model (comprising the under-
lying soil, and eventually lake ice and snow)
has either 2nl, 3nl, or 4nl layers, depending on
whether the lake is frozen and whether snow lies
on the ice.

The lake water column has a prescribed num-
ber of vertical levels (here, nl = 8); below the
lake, nl layers of soil with a total thickness of 5 m
insure energy conservation through total absorp-
tion of the remaining sunlight at the lake bottom
and a zero flux condition at the lowermost soil
layer. When the lake is frozen, nl layers of ice
are used (the same is done with snow accumu-
lated on ice). Vertical discretization in lake and
soil below lakes is calculated as a geometric se-
ries such that levels are thin at the surface and
become thicker at the bottom.

Lakes lose water by two ways: evaporation
and outflow. Evaporation is calculated in the
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AGCM surface scheme using Monin-Obukhov
similarity theory. Outflow occurs with a pre-
scribed time constant $out = 5d when the lake
depth h exceeds a prescribed critical level hc:

%h

%t
= $max(h$ hc, 0)

$out
(3)

In stand-alone simulations, hc is set to 5 me-
ters above the observed depth h when the real
lake depth is known. Otherwise, and in AGCM
simulations, initial lake depth hi is set to 50 m
and hc = hi + 5 m. Outflow from lakes is di-
rectly lost to the oceans. Tests have shown that
the exact value of the timescale $out of lake out-
flow has very little impact on the results, as long
as $out is sufficiently small to prevent lake depth
from exceeding significantly the prescribed criti-
cal value hc.

Albedo of open water is calculated as a func-
tion of solar angle. Lake albedo increases up to
the prescribed background value for continental
surfaces when the lake becomes shallow. When
the lake is ice-covered, surface albedo is calcu-
lated like that of sea ice in the polar version of
LMDZ (Krinner & Genthon, 1997).

Surface mass balance parameterizations

My entire work focuses on the Eurasian ice sheet
sensitivity to regional feedbacks. This sensitiv-
ity is estimated through the calculation of the
surface mass balance (SMB). Two methods have
been used: the parametrization of Krinner et al.
(2007) following Thompson & Pollard (1997)
and the temperature-index method of Ohmura
et al. (1996).

The first parametrization, first developed by
Thompson & Pollard (1997), takes into account
the refreezing of a part (f) of rainfall and melt-
water (ranging in the interval [0;1]):

f = 1$min
!

1,max
!

0,
( M

PS
$ 0.7)
0.3

""

(4)

where PS is the mean annual solid precipita-
tion, and M is the annual snow or ice melt cal-
culated from the surface energy balance in the
AGCM.

The runoff is calculated as :

R = (1$ f)(M + PL) (5)

where PL is the annual liquid precipitation
(rainfall). Finally the surface mass balance B

is calculated as:

B = PS + fPL $ E $ (1$ f)M (6)

with E as the annual sublimation.
The second method uses the temperature in-

dex method as proposed by Ohmura et al.
(1996). In this method, surface ablation oc-
curs when the mean summer surface air tem-
perature (TJJA), recalculated on a fine resolu-
tion grid with altitude-correction, exceeds a pre-
scribed threshold of -1.8!C. The total ablation A
(kg.m"2.yr"1) is then calculated as:

A = 514" TJJA + 930 (7)

where TJJA is in !C. We downscale the AGCM
surface air temperature on a 20-km grid by ap-
plying a 5.5!C.km"1 summer temperature cor-
rection to account for altitude changes (Krinner
& Genthon, 1999; Abe-Ouchi et al., 2007). The
surface mass balance B is then calculated as:

B = PS $ E $A (8)

with PS and E as before.
As shown in Paper 1, the second method bet-

ter captures the ablation process along the mar-
gins due to the downscaling of the prescribed
climatology which increases the resolution. This
leads to significantly different mean annual sur-
face mass balance estimates. The ablation gen-
erated by the investigated feedback dominates
the mean annual SMB.

1.3.2 Planet Simulator: the AGCM
mixed-layer ocean model

To simulate the Late Saalian surface ocean con-
ditions, we use the Planet Simulator (PLASIM)
general circulation model of intermediate com-
plexity (Fraedrich et al., 2005). The central part
of PLASIM consists in an AGCM, which is based
on the moist primitive equations representing
conservation of momentum, mass and energy.
The equations are solved on a Gaussian grid in
the horizontal direction, corresponding to a T42
resolution (128"64), and on 10 vertical sigma
levels.

Contrary to LMDZ4, PLASIM does not account
for the effects of proglacial lakes and dust depo-
sition on snow. It also includes a simplified pa-
rameterization for radiation, surface fluxes and
clouds physics but its cores is a competent and
comprehensive AGCM (Romanova et al., 2005).
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Figure 1.8: Scheme of the simulations carried out
using Planet Simulator (Fraedrich et al., 2005) to
compute Late Saalian SST and using LMDZ4 (Hour-
din et al., 2006) to obtain a final Late Saalian climate.

The AGCM is interactively coupled to a mixed-
layer ocean, in which the mixed-layer depth is
set to 50 m, and to a zero-dimensional ther-
modynamic sea ice model. In this model, the
oceanic heat transport is prescribed for every
month and is parametrized according to:

Qc2 = #wcwhmix
Tmixc $ Tmix

$T
(9)

where cw is the specific heat capacity of sea wa-
ter, #w corresponds to the density of sea-water,
hmix stands for the mixed-layer depth, Tmix is
the temperature of the mixed layer and $T rep-
resents the time scale at which Tmix is relaxed to
its climatological value Tmix,c ($T = 50 days).

In the case of the Late Saalian, we do not
dispose of any SST reconstruction for this pe-
riod. We thus needed to initialise the simu-
lation with glacial analogue SST. We chose to
base the calculation on Paul & Schaefer-Neth
(2003) LGM SST because this reconstruction is
in closer agreement with the temperatures esti-
mated from analysis of marine sediment cores

than the LGM CLIMAP reconstruction (CLIMAP,
1981).

To calculate the monthly LGM oceanic heat
fluxes and the flux correction for the sea ice,
we first performed a LGM control simulation of
21 years forcing PLASIM with Paul & Schaefer-
Neth (2003) LGM sea surface conditions (the
first model year is discarded as spin-up). Finally
to compute the Late Saalian surface oceanic con-
ditions, PLASIM in then forced using the calcu-
lated monthly LGM ocean heat fluxes corrections
but with all boundary conditions appropriate for
the Late Saalian. The simulation is performed
for 50 model years, sea surface equilibrium is
reached after 25 model years and the last 15
years are used for analysis. The scheme of the
experiments is detailed in Figure 1.8.

Since the LGM and the Late Saalian both cor-
respond to glacial periods, it is relevant, in the
absence of any Late Saalian sea surface recon-
structions, to initiate the simulations using the
LGM ocean heat fluxes as first approximation to
equilibrate the mixed-layer with the Late Saalian
climate. This method to calculate sea surface
temperatures (SST) has been previously used by
Romanova et al. (2005, 2006) to investigate the
effect of ocean heat fluxes on glacial climates.

1.3.3 BIOME4: the vegetation model

BIOME4 (Kaplan et al., 2003) was developed
from the BIOME3 model of Haxeltine & Pren-
tice (1996). BIOME4 is a 1-D coupled carbon
and water flux model that predicts global steady
state vegetation distribution, structure, and bio-
geochemistry. The model is driven by long-term
averages of monthly mean temperatures, daily
minimum temperatures, sunshine and precipita-
tion. CO2 concentration has to be prescribed.

BIOME4 is based on twelve plant functional
types (PFTs) ranging from cushion forbs to trop-
ical rain forest trees (Kaplan, 2001). Each PFT
is assigned a small number of bioclimatic lim-
its which determine whether it could be present
in a given grid cell. The computational core
of BIOME4 is a coupled carbon and water flux
scheme, which determines the seasonal maxi-
mum leaf area index that maximizes the net pri-
mary production for any given PFT. To identify
the biome for a given grid cell, the model ranks
the tree and non-tree PFTs that were calculated
for that grid cell. The resulting ranked combi-
nations of PFTs lead to 27 different biomes (Ta-
ble 1.2).
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ID Biomes
1 Tropical evergreen forest
2 Tropical semi-deciduous forest
3 Tropical deciduous forest/woodland
4 Temperate deciduous forest
5 Temperate conifer forest
6 Warm mixed forest
7 Cool mixed forest
8 Cool conifer forest
9 Cold mixed forest
10 Evegreen taiga/montane forest
11 Deciduous taiga/montane forest
12 Tropical savanna
13 Tropical xerophytic shrubland
14 Temperate xerophytic shrubland
15 Temperate sclerophyll woodland
16 Temperate broadleaved savanna
17 Open conifer woodland
18 Boreal parkland
19 Tropical grassland
20 Temperate grassland
21 Desert
22 Steppe tundra
23 Shrub tundra
24 Dwarf shrub tundra
25 Prostrate shrub tundra
27 Barren

Table 1.2: Biomes calculated by the BIOME 4 model
based on the competition between the twelve defined
PFTs. Gray shaded cells indicates the three high-
latitude tundra biomes introduced in BIOME4 by Ka-
plan et al. (2003).

High-latitude biomes are represented by com-
binations of frost-tolerant PFTs. Three PFTs
(cold shrub, cold graminoid or forb, and cush-
ion forb) used to distinguish the tundra biomes
have been newly defined for BIOME4. These
three new tundra PFTs are shallow rooted, and
are sensitive to water stress and fire. The non-
tundra PFTs used by BIOME4 to simulate high-
latitude vegetation types include cold and tem-
perate broadleaved and needlers trees, xero-
phytic shrubs, and temperate grasses.

1.3.4 GRISLI: the ice sheet and ice shelf
model

In this work, I have not really used the GRISLI
ice model although, during this PhD, I have im-
plemented a module accounting for the monthly
climatology instead of mean annual climatology
as usually prescribed in ice sheet models to im-

prove the ablation calculation using the positive
degree day method.

However, this thesis is based on the Late
Saalian Eurasian ice sheet that has been built
using GRISLI by Peyaud (2006). Consequently,
I dedicate this section to the description of the
main features of this ice sheet model.

GRISLI is a 3-D thermodynamical ice model
that simulates the dynamics of grounded ice as
well as ice shelves and ice stream regions. In-
land ice deforms according to the stress balance
using the shallow ice approximation (Morland,
1984; Hutter, 1983). Ice shelves and dragging
ice shelves (ice streams) are described follow-
ing MacAyeal (2001). This model has been de-
veloped and validated over Antarctica by Ritz
et al. (2001) in which a comprehensive descrip-
tion of the model is provided. Here we list some
of the recent improvements presented in Peyaud
(2006) and Peyaud et al. (2007):

1. The thermo-mechanical coupling is ex-
tended to the ice shelves and ice streams.
Ice viscosity depending on the temperature
field is integrated over the thickness.

2. The basal drag $b under ice streams is re-
lated to ice velocity ($b = &U, where U is the
horizontal velocity). The factor & depends
on the effective pressure N : & = –cf " N ,
where cf is a constant term.

3. Basal water drainage is computed using a
Darcian flow into a sediment layer. The
thickness of the sediment layer is set to the
ad-hoc value of 50 m. This description is too
simplistic to account for the real basal pro-
cesses but constitutes a siple representation
of the drainage patterns.

4. Location of the ice streams is determined
by the basal water head. Ice stream re-
gions correspond to areas where the sedi-
ment layer is water saturated.

5. Ice shelf front positions are determined with
a scheme in which two criteria must be
fulfilled. To calv the ice from the front
grid point, first, the ice thickness must de-
crease below 150 m. This corresponds
to a general value in line with what has
been observed for several of the Antarctic
ice shelves. Secondly for each grid point
at the front, the ice coming from the up-
stream points must fail to maintain a thick-
ness above the threshold. This ability to
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maintain a sufficient thickness is estimated
on the basis of a semi-Lagrangian scheme.
Ice shelf front position changes at each
timestep, and appropriate boundary con-
ditions, adapted from Rommelaere & Ritz
(1996) and Ritz et al. (2001), are applied
for the different front configurations. At-
mospheric conditions have an implicit con-
trol on ice shelves. Indeed the surface mass
balance prevents the ice shelves to form in
warm regions (Mercer, 1978). Simulations
of West Antarctic ice shelves give front posi-
tions in agreement with observations.

To reconstruct the climate at the surface of the
ice sheet, the AGCM air temperature and pre-
cipitation (ice equivalent) are adapted follow-
ing Charbit et al. (2002). Temperature is cor-
rected for altitude changes iteratively calculated
by the ice sheet model. Vertical temperature
gradients are based on classical values ranging
from 5!C.km"1 to 8!C.km"1 (Krinner & Gen-
thon, 1999; Abe-Ouchi et al., 2007). Accumula-
tion is the solid fraction of the total precipitation
and ablation is calculated according to a positive
degree day (PDD) method (Reeh, 1991). The
precipitation P0 (in ice equivalent) at the sur-
face of reference is assumed to depend on the
annual temperature T with an exponential law
reflecting the saturation water pressure (Charbit
et al., 2002):

P0 = P " e[0.05$(T0"T )] (10)

This parametrization is corrected from alti-
tude variations. A fraction of the melting is likely
to refreeze. As in the AGCM (Krinner et al.,
2007) this fraction increases as the amount of
melting compared to snow fall decreases (Sec-
tion 1.3.1).

1.4 Boundary conditions

1.4.1 On the global ice volume

Global sea level variations result from geoid2

and solid Earth crustal height variations (Fig-
ure 1.9). Sea-level changes over long time scales
are generally caused by the modification of the
shape and/or the depth of the ocean floor as
well as changes of the ice volume stored on
the continents in the form of ice sheets and

2equipotential surface, commonly defined as the ocean
surface

Figure 1.9: Sea-level variations according to the
geoid, the solid Earth and the ice thickness varia-
tions.

glaciers. These variations are called tectono-
eustatism and glacio-eustatism respectively.

During the glaciations, the growth and de-
cay of the ice sheets over the continents affect
the solid Earth. The ice load creates large de-
flections, affecting both the lithosphere and the
mantle, that relax during and after the ice melt-
ing until reaching the isostatic equilibrium. The
isostatic depression from the ice load or the fol-
lowing post-glacial rebound may have a direct
impact on the near-field areas, i.e. areas located
near or underneath the ice sheets, and conse-
quently it may have an impact on the regional
sea level in case these areas interact with the
ocean. On the contrary, far-field areas, i.e. ar-
eas not directly affected by the glacio-isostatism,
are assumed to only record the eustatic sea level.

Eustatic sea level estimates

For the LGM, far-field areas are determined us-
ing post-glacial rebound modelling and the eu-
static sea level is determined in such areas us-
ing coral measurements. Sub-surface corals rep-
resent good indicators of sea level since their
growth is sensitive to water depth, and thus, to
fluctuations of the surface of the ocean. But
since they are attached to the continent, sea
level estimates have to be corrected for local
tectonics in order to extract the pure eustatic
sea level (Milne & Mitrovica, 2008). In their
study, Milne & Mitrovica (2008) show that Bar-
bados, Sunda, the Bonaparte Gulf , which are
usually considered as reference far-field sites 3,
hold an uncertainty on the eustatic sea level
estimates of !10 m (Figure 1.10). They sug-
gest that sites such as Seychelles (Indian Ocean)
can provide improved estimates of past eustatic
sea level since they are only slightly affected by

3they provide accurate U/Th dated coral Relative Sea
Level (RSL) records easily corrected from local tectonic
contribution and then converted into eustatic sea level
(Fairbanks, 1989; Peltier, 2002; Fairbanks et al., 2005;
Peltier & Fairbanks, 2006)
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glacio-isostatic adjustment. (Figure 1.10). Other
sites such as Bengazi (Mediterranean) provide
well constrained glacio-isostatic adjustment sig-
nal for which, RSL can be easily corrected for to
extract the eustatic sea-level.

For previous glacial periods, RSL coming from
the sites described above time series are not
available and a linear relationship between the
!18O record derived from measurements on ben-
thic foraminifera has been used at it is assumed
to record the global continental ice volume
(Shackleton, 1987; Bintanja et al., 2005). Elabo-
rate relationships using benthic foraminifera are
also used as first approximation, but hold lots
of uncertainties (Waelbroeck et al., 2002) (Fig-
ure 1.11). Direct geological evidence of sea level
positions through time, e.g. marine notches, ter-
races, archaeological data, beach rocks, peats or
coral reef, can be collected on continental mar-
gins to calibrate the curves of local RSL. How-
ever, their spatial and temporal resolution is
most often low. Indeed, sea level records from
continental margins are subjected to the Earth
local subsidence or uplift. Therefore, derived
RSL records need to be corrected for the effects
of tectonic sediment loading and compaction,
glacio- and/or hydro-isostasy and gravitational
potential, in order to obtain data effectively in-
terpreted as eustatic sea level (Rabineau et al.,
2006).

The maximum eustatic sea level drop esti-
mated for the Late Saalian glacial maximum
ranges from about 92 m (Rabineau et al., 2006)
to 150 m below present sea level (Waelbroeck
et al., 2002). The estimate by Rabineau et al.
(2006) based on measurements carried out in
the Gulf of Lyon, should probably be considered
on the smaller end for the Late Saalian period
as their value derived from the same site for the
LGM is too small due to a biased correction of
the isostatic contribution. The Gulf of Lyon is
located in the vicinity of the Alps that hosted
large glaciers during glacial periods. Spada et al.
(2009) have shown that the Alps have a sig-
nificant influence on Mediterranean sea level
records from the LGM until today. I have not
find any additional data that shed new lights on
the maximum estimate of -150 m by Waelbroeck
et al. (2002). However, the Late Saalian RSL was
recorded to range between 90 m to more than
150 m below present level in Eurasia (see Lam-
beck et al. (2006) for the review of available RSL
data). These values are however not corrected

for the isostatic component and do not represent
eustatic values. Therefore in all our Late Saalian
experiments we set the sea level to -110 m (As-
takhov, 2004) and to -130 m (Peltier, 2004) for
our LGM simulations.

From sea level to ice volume

From the previous section, it is evident that
global estimates of the Late Quaternary sea level
fluctuations are still far from well constrained.
One could argue that all the LGM (MIS 2) values
converge towards -130 m ±10 m and that Late
Saalian (MIS 6) oxygen isotopes fluctuations ex-
hibit similar values to that of LGM. But the prob-
lem is more complex because the global equiva-
lent sea level ice volume has to be spatially dis-
tributed between the individual ice sheets that
developed during the various ice ages. If we con-
sider that each eustatic value derived from corals
or oxygen isotopes hold an error of about 10%,
the maximum estimate for the Late Saalian has
an uncertainty of 15m while the minimum has 9
m. Assuming this uncertainty, it is evident that
the uncertainty amounts to at least half of the
equivalent sea level (ESL) volume attributed to
the Eurasian ice sheet in ICE-5G during the LGM
(!17 m).

Figure 1.11: Figure from Rabineau et al. (2006).
Relative sea level curve envelope including the min-
imum and maximum RSL estimates for the last 600
ka.

ESL values attributed to the various ice sheets
have changed substantially since the first ice
model ICE-1 of Andrews (1976). In the model
version ICE-5G (Peltier, 2004), the ESL at-
tributed to the volume of the Laurentide ice
sheet has increased by 20 m compared to the
previous versions, the Eurasian ice sheet volume
has decreased by 7 m ESL and that of Antarc-
tica has decreased by 10 m (Table 1.3). The ESL
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Figure 1.10: Left: Difference between present-day sea level variations and eustatic sea level due to glacial-
isostatic adjustment predicted by Milne & Mitrovica (2008), using the Bassett et al. (2005) ice thickness
scenario from LGM to present-day derived from ICE-3G (Tushingham & Peltier, 1991). Black dots indicates
various location such as the Barbados (Ba), the Sunda Shelf (Su), the Bonaparte Gulf (Bo), Huon Peninsula
(Hu), Freeport (Fr), Richmond Gulf (Ri), Seychelles Islands (Se), Begazi (Be) referred as reference sites for
eustatic sea level estimates. Right: Figure from Peltier & Fairbanks (2006). Eustatic sea level history estimate
provided by the coral-derived record from the last Barbados measurements (blue symbols from Peltier &
Fairbanks (2006)), compared to measurements from Lambeck & Chappell (2001) from the Bonaparte Gulf
(orange), Huon Peninsula (black), Tahiti (gray) and the Sunda Shelf (purple). The red line corresponds
to the eustatic sea level predicted using the ICE-5G(VM2) model tuned for the Barbados. Inset compares
the eustatic reconstruction by Waelbroeck et al. (2002) based upon calibrated deep sea core derived oxygen
isotopic measurements to the ICE-5G (VM2) rebound prediction (red curve). Bottom: Mean RSL (dashed)
and eustatic (Eus., solid) estimates from Milne & Mitrovica (2008) for the Tahiti, Barbados Seychelles and
Begazi sites, using 162 Earth viscosity and lithospheric models (gray lines) and accounting for Bassett et al.
(2005) ice model.

contribution of the latter seems still to be overes-
timated and recently Ivins & James (2005) pro-
posed new estimates for the Antarctic ice sheet’s
volume variations since LGM, based on a syn-
thesis of the current constraints on past ice his-
tory and present-day mass balance, which sug-
gest an ESL contribution well below what have
been suggested by other publicly available ice
models (Table 1.3).

Distributing ice volume between the various

ice sheets is not easy. Two approaches are clas-
sically used: the first one consists of using a
glacio-isostatic adjustment model in which ini-
tial ice ESL is prescribed through the imposed
ice growth and melting chronology, as well as
mantle viscosity and lithospheric elastic thick-
ness, and then adjusting the ice volume combin-
ing ice mechanics equations to RSL field obser-
vations and !18O-derived sea levels (Lambeck &
Chappell, 2001; Waelbroeck et al., 2002, e.g.);
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ESL (m) Tot. L E A G O
ICE-1 77 58 16 / 3 /
ICE-3G 115 55 24 26 6 4
ICE-4G 104 59 21 17 6 1
ICE-5G 126 74 17 17 2 2
ANU05 134 86 16 28 3 1
IJ05 / / / 8 / /

Table 1.3: Equivalent eustatic sea levels (m, ESL)
corresponding to the contribution of the various ice
sheets since the LGM (21 ka) according to ICE1
(Andrews, 1976), ICE-3G (Tushingham & Peltier,
1991), ICE-4G (Peltier, 1994), ICE-5G (Peltier,
2004), ANU05 (Lambeck et al., 2003) and IJ05 (Ivins
& James, 2005) ice models. L corresponds to the Lau-
rentide ice sheet, E to the Eurasian ice sheet, A to
Antarctica. O stands for the remaining small ice caps
over Pantagonia, New-Zealand and the Island. Cal-
culation have been performed using SELEN (Spada &
Stocchi, 2007) at harmonics degree L=72 and using
a pixel resolution R=18 (4718 pixels over the entire
Earth).

the second one involves using a dynamic ice
model coupled to a simplified isostatic module,
forced with a prescribed climatology, and let the
model run until the ice sheet reaches equilib-
rium (!200 kyrs, e.g., Siegert, 2001; S.J. et al.,
2000).

The Late Saalian Eurasian ice sheet

For the Late Saalian glacial maximum, two re-
cent model reconstructions of the Eurasian ice
sheet have been performed: the isostatic recon-
struction of Lambeck et al. (2006) and the dy-
namical ice sheet of Peyaud (2006). The recon-
struction by Lambeck et al. (2006) is based on
the following various assumptions and settings:

1- The lithospheric thickness and viscosity are
set to 80 km and 1025 Pa.s (infinite) respec-
tively

2- The Earth’s mantle is divided into two lay-
ers with a viscosity 3"1020 Pa·s for the up-
per mantle and 5"1021 Pa·s for the lower
mantle

3- The elastic moduli and density of the Earth’s
layers are taken from the PREM (Dziewon-
ski & Anderson, 1981) and mantle rheology
is described by a simplified Maxwell visco-
elasticity

4- the initial geometry of the ice sheet is fixed,
a priori, with two main domes: one over
Scandinavia and one over the Kara coast-
lines

5- Late Saalian eustatic sea level is taken from
Lambeck & Chappell (2001) and equals to
140 m

6- Finally, the ice mechanics equations of Pa-
terson (1994) and the isostatic radial re-
bound calculation are used to estimates the
ice thickness of the initial Late Saalian to-
pography

The final reconstruction yields a mean ice ele-
vation of approximately 3000 m (!4000 m ice
thickness) with a local deflection of ! 1000 m
(Figure 1.12). The total ice volume is about
60 m ESL. This reconstruction links the British
Isles ice cap to the huge Eurasian ice sheet. The
QUEEN Late Saalian ice sheet is not extended
over the southern part of the British Isles as
the field data from this area are not conclusive
(Svendsen et al., 2004).

Figure 1.12: Top: Figure from Lambeck et al.
(2006); Bottom: ice sheet topography from Peyaud
(2006) and associated (see the following Section)
proglacial lakes.
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The reconstruction of Peyaud (2006) has been
computed using the GRISLI ice model based on
the shallow ice approximation (Section 1.3.4).
Temperature gradient and precipitation are pre-
scribed so that the ice sheet morphology grows
to fit the QUEEN limits (Figure 1.1). In the ex-
periment, eustatic sea level was set to -110 m be-
low present (Astakhov, 2004) and GRISLI ran for
200 kyrs in order to reach the ice sheet equilib-
rium. The GRISLI model Late Saalian ice sheet
has a shape rather similar to that of Lambeck
et al. (2006). The mean elevation is also about
3000 m, domes are located almost at the same
place and ice volume is ! 61 m ESL. The litho-
spheric deflection allows proglacial lakes to de-
velop in both Lambeck et al. (2006) and Peyaud
(2006) scenarii, especially in the Siberian Plains.

In all the contributing peer-reviewed arti-
cles presented below, we used Peyaud (2006)
Eurasian ice topography. The Laurentide, the
Greenland and the Antarctic ice sheets were pre-
scribed according to the LGM ICE-5G ice topog-
raphy since there are no direct evidence to con-
train their topography during the Late Saalian.

1.4.2 Ice-dammed lakes

Due to the Eurasian ice sheet growing large and
extending far into the Russian and West Siberian
Plains during the last glacial cycle, the conti-
nental rivers Yenissei and Ob became dammed
several times (Grosswald, 1980; Svendsen et al.,
2004). This damming caused the rivers to
change their directions and flow towards the
Aral Lake and the Caspian and the Black seas
and large ice-dammed lakes were formed in
front of the ice sheet in the North (Mangerud
et al., 2001). Three main ice-dammed lake sys-
tems have been distinguished: West Siberian
plains, Lake Komi (formed West of the Ural
mountain range) and the White Sea basin (Fig-
ure 1.12 and 6.1). Paleo-shorelines and other re-
lated deposits from these lakes have been dated
to the Early and Mid-Weichselian at about 90 ka
and 60 ka respectively (Mangerud et al., 2004).
The configuration of the Eurasian ice sheet dur-
ing LGM did apparently not allow larger ice-
dammed lakes to form (Svendsen et al., 1999;
Mangerud et al., 2004). Table 1.4 summarises
geometrical properties estimated for the Weich-
selian paleo-lakes by Mangerud et al. (2001).

Ice-dammed lakes constitute an important re-
gional factor in a climate context. As shown by
Krinner et al. (2004) for the Early Weichselian

Level Area Vol.
(m a.s.l.) (103 km2) (103 km3)

White Sea 90 - 110 76 2.4
Lake Komi 100 218 15
WS Plain 60 613 15

Table 1.4: Early Weichselian ice-dammed lakes geo-
graphical parameters as estimated by Mangerud et al.
(2001). WS corresponds to the West Siberian plains.
Lakes level is expressed relatively to present sea level.

glaciation, their main effect is to cool the local
climate during summer because of their large
heat capacity. This reduced the summer abla-
tion along the ice sheet margins, thus, the lakes
directly contributed to the maintenance of the
continental ice sheet. Similarly, Lake Agassiz,
located along the Southern margin of the Lau-
rentide ice sheet, produced a negative tempera-
ture anomaly of about -5!C in July and reduced
precipitations by about 50% (Hostetler et al.,
2000), different from reduced rainfall obtained
by (Krinner et al., 2004).

Although no geological evidence of ice-
dammed lakes have been found from the Late
Saalian, we assumed that, given the large south-
ward and eastward extent of the Eurasian ice
sheet and the resulting lithospheric deflection,
proglacial lakes should have formed in the Rus-
sian and Siberian plains similarly as during the
Early and Middle Weichselian glaciations. How-
ever, the Late Saalian ice-dammed lakes must
have been located further to the South (Fig-
ure 6.1). During the Late Saalian, the important
damming of the river network should also have
led to a flow into the Aral Lake and Caspian Sea
through the Turgay pass (Figure 6.1). The lakes
were reconstructed by filling the topographic
basins located South of the Eurasian ice sheet
and accounting for the isostatic depression until
reaching the Turgay pass threshold. The recon-
structed Late Saalian Siberian ice-dammed lakes
(Figure 6.1) looks similar to the Mansi Lake that
was proposed to have formed during the LGM by
Grosswald (1980).

1.4.3 Dust sources

LMDZ4 does not simulate the atmospheric trans-
port of dust. The radiative forcing induced by
the presence of dust in the atmosphere is still not
well constrained since it requires a coupling be-
tween a three-dimensional dust transportation
model and an AGCM. Harvey (1988) and Crow-
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ley & North (1991) show that dust radiative im-
pact can cause an atmospheric cooling of 1!C to
3!C in high latitudes and Claquin et al. (2003)
show that north of 45!N, the radiative effect is
between about -0.3 and -0.9 W·m"2.

Figure 1.13: Dust concentration in ppb from EPICA
Dome C, Antartica (Delmonte & EPICA commu-
nity members, 2004) (top) and correlation between
Equatorial Pacific and Antarctica dust fluxes after
Winckler et al. (2008) (bottom). The thick blue line
separates the upper part of the highly correlated dust
fluxes from both regions (MIS 7 to MIS 1) from the
lower part showing uncorrelated fluxes.

Dust deposition on snow during glacial pe-
riods has been addressed in several studies.
Peltier & Marshall (1995) suggest that dust de-
position in the ablation zone of an ice sheet
may lower the albedo enough to help triggering
glacial terminations which cannot be triggered
by orbital forcing alone. Similarly, Calov et al.
(2005b) show that using present-day dust con-
centration rates, which are substantially lower
than during glacial periods, in coupled-climate
ice-sheet simulations leads to a rapid expansion
of ice sheet both in Eurasia and in North Amer-
ica whereas using glacial rates leads to a larger
melting in the ablation zone. Finally, Krinner
et al. (2006), prescribed Mahowald et al. (1999)
LGM dust concentration rates in simulations us-

ing LMDZ4. The striking result is that Siberia
remains ice-free during the LGM due the high
dust deposition in this region.

The analysis of Antarctic ice cores have re-
vealed that fluctuations of dust concentration
over time are strongly correlated to glacial and
interglacial periods. Compared to interglacials,
ice ages present high dust concentration (Fig-
ure 1.13 top) due to the colder and more arid
climate causing strong erosion of desert soils. In
analogy to most of the boundary conditions re-
quired to simulate the Late Saalian, dust deposi-
tion rates have only been simulated for the LGM
(Mahowald et al., 1999; Claquin et al., 2003).
The Antarctic dust concentration recorded at
EPICA Dome C shows that the Late Saalian dust
deposition rates were !40% lower than at the
LGM (Delmonte & EPICA community members,
2004). The Antarctic dust concentration has
been linked to that of the Northern Hemisphere
by Winckler et al. (2008) who highlight a strong
correlation between the Antarctic and the Equa-
torial Pacific dust fluxes for the last five glacia-
tions (Figure 1.13). Since the Equatorial Pacific
is fed by Asian dust, they conclude that North-
ern and Southern Hemipsheres dust fluxes are
similarly affected by the global climate fluctua-
tions. Moreover, the analysis of Central Siberian
loess deposits supports the 40% difference ob-
served in EPICA Dome C ice-core records be-
tween the LGM and the Late Saalian glaciations
(Chlachula, 2003).

At the time of the first paleoclimate runs for
this thesis, the updated dust deposition rates
from Mahowald et al. (2006) were not yet pub-
lished. Therefore, the previous dust estimates by
Mahowald et al. (1999) for the LGM were used.
These rates were adapted to the Late Saalian as
described below. The difference between the
Mahowald et al. (2006) and Mahowald et al.
(1999) LGM dust deposition maps is shown in
Figure 1.14.

The global MIS6 dust deposition rates DMIS6

have been obtained by applying an homoge-
neous factor of 60% to the LGM deposition rates
DLGM given by Mahowald et al. (1999), assum-
ing that ice accumulation and dust sources were
similar during the LGM and the MIS6 glacial
maximum (see Paper 1).

The LGM dust deposition rates (Figure 1.14a)
have been multiplied by the ratio described
above. But the LGM dust deposition distribu-
tion overlaps the Eastern part of the Late Saalian
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Figure 1.14: a. LGM Mahowald et al. (1999) dust
deposition rate (g·m2·yr"1), b. difference in dust de-
position rate between Mahowald et al. (2006) and
Mahowald et al. (1999) (M06 - M99), c. differ-
ence between Mahowald et al. (1999) and the mod-
ified 140k dust deposition rates over Eurasia (140k -
M99). Black thick lines correspond to the ice sheet
margins and proglacial lakes.

Eurasian ice sheet and consequently may en-
hance the positive feedback from a reduction
in the albedo value by !20%. The Eurasian
LGM ice sheet used by Mahowald et al. (1999)
to reconstruct the LGM dust deposition fluxes
is smaller and thinner than the Late Saalian
ice sheet. In our Late Saalian simulations, this
would lead to excessive dust deposition in the
regions which are ice-covered in our experi-
ments set up, because dust deposition is gen-

erally higher in low-lying areas than over the
dry ice sheet. To avoid unrealistically high dust
concentrations on the ice, we have reduced the
amount of dust deposition over the Eastern part
of the Eurasian ice sheet (Figure 1.14c) by mul-
tiplying all the dust deposition rates greater than
2.5 g·m2·yr"1 over the ice sheet with 0.025.
Some dust still accumulates on the ice sheet but
in more reasonable concentrations. We did not
redistribute the excess of dust removed by this
operation since the quantity can be considered
minor (Figure 1.14c).

1.4.4 LGM vegetation cover

Some previous studies have addressed the cli-
matic impact from vegetation changes during
glacial periods. The main effect results from the
snow-albedo feedback since changing from taiga
to tundra increases the local albedo, which cools
the local atmosphere in turn inducing larger
snow accumulation. Two methodologies regard-
ing numerical model setup are classically used to
investigate this impact: vegetation-AGCM cou-
pled models or asynchronously coupled mod-
els. de Noblet et al. (1996) followed the sec-
ond methodology and after five iterations, start-
ing from the potential present-day vegetation,
arrived at a summer cooling of 5!C over Siberia
due to the replacement of coniferous forest by
tundra. Similarly, using land-atmosphere cou-
pled models, Crowley & Baum (1997); Kubatzki
& Claussen (1998); Levis et al. (1999) and Cru-
cifix & Hewitt (2005) reported that glacial vege-
tation with small forest extent over the boreal re-
gions caused a regional cooling of 2!C to 4!C in
western Europe and Siberia in LGM atmospheric
general circulation model (AGCM) simulations.

It is worth noting here that the strongest cli-
matic impacts from LGM vegetation were found
in studies using the present-day potential veg-
etation in LGM control runs. The present-day
potential vegetation corresponds to the vegeta-
tion as it would be without any anthropogenic
interventions such as for example agriculture.
The potential vegetation implies larger forested
areas in Eurasia compared to what exists to-
day and this decreases the local albedo. The
LGM vegetation, on the contrary, is character-
ized by large tundra areas over Eurasia due to
the cold and arid climate, increasing the lo-
cal albedo. Consequently, the observed climatic
anomaly resulting from the comparison between
the present-day potential vegetation and the
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LGM vegetation shows a larger amplitude than
if the LGM vegetation were compared directly
to the real present-day vegetation accounting for
agricultural soils.

Vegetation is an important regional factor
that indirectly impacts on temperature through
changes in land albedo. However, few LGM
reconstructions based directly on palynological
data are available (e.g. Adams et al., 1990;
Crowley, 1995). For the Late Saalian period,
even less pollen data exist (e.g. de Beaulieu
et al., 2001) and consequently we had to force
all our experiments with LGM vegetation as a
first approximation. However Crowley (1995)
shows that during MIS 6, the carbon storage sig-
nal (derived from deep-sea !13C) exhibits an ex-
cess of approx 50% compared to the present-
day value which is much higher than the differ-
ence between LGM and current values. This may
to indicate a weaker continental carbon uptake
caused by more arid global climatic conditions.
But, as previously described, MIS 6 atmospheric
dust concentration is at least 40% lower than
during the LGM (Delmonte & EPICA community
members, 2004) which is opposite to the idea of
a more arid MIS 6 climate compared to the LGM.
This may indicate that, although the MIS 6 vege-
tation was mostly of tundra and desert similarly
to that of the LGM, the erosion on the emerged
continental shelves due to the lower sea level
was somewhat reduced. In the following, two
LGM reconstructions based on the collection of
palynological data are described.

Adams et al. (1990) LGM vegetation map

This LGM reconstruction is based on a collec-
tion of palynological, pedological and sedimen-
tolgical evidence (sources listed in Adams et al.
(1990)). The various types of vegetation have
been separated according to the classification of
Olson et al. (1983). The LGM reconstruction as-
sumes a drop in sea level of 130 m as boundary
for the expansion of vegetation. Most of Eurasia
is classified as desert or semi-desert areas. On
the contrary Western Europe is covered by tem-
perate grasslands (Figure 1.15a). This implies a
particularly arid LGM climate.

Crowley (1995) LGM vegetation map

In our experiment, we prescribed the LGM vege-
tation map from Crowley (1995) (Figure 1.15b).

This LGM vegetation has been reconstructed us-
ing 214 sites from the COHMAP pollen database
(Webb & al., 1995). The data from these sites
were grouped into 12 biomes categories and
used in the GENESIS general circulation model
that incorporates a land-surface-transfer scheme
(Pollard & Thompson, 1995). Vegetation was

Figure 1.15: LGM vegetation maps from a. Adams
et al. (1990) and b. Crowley (1995).

subsequently calculated using ICE-4G LGM ice
topography and an eustatic sea level of -110
m (Peltier, 1994). The results show the main
part of Siberia covered by tundra while the
Russian and Siberian Plains are covered by
conifers. Western Europe hosts temperate grass-
lands. Compared to the LGM map by Adams
et al. (1990) the map produced by Crowley
(1995) show less arid vegetation because Siberia
is covered by tundra and conifera exists in the
Russian Plains, contrary to Adams et al. (1990).

In all the simulations (except those including
BIOME 4 iterations) the Late Saalian climate has
been forced using Crowley (1995) vegetation
map since it was the most recent global paly-
nological LGM reconstruction and since no veg-
etation map exists for 140 ka time period. In
addition, we have used BIOME 4 to compute a
vegetation in better agreement with the simu-
lated climate. Usually, LMDZ4 is coupled to OR-
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CHIDEE (Krinner et al., 2005), a dynamical veg-
etation model, but this latter does not include
high latitude biomes essential for the simulation
of glacial climates, which is why BIOME 4 is used
here.

1.4.5 Sea surface conditions

Within the framework of the Paleocli-
mate Modeling Intercomparison Projects
(PMIP) I (Joussaume & Braconnot, 1997,
http://pmip.lsce.ipsl.fr) and II (Braconnot et al.,
2007, http://pmip2.lsce.ipsl.fr), Kageyama
et al. (1999, 2006) showed that the use of
different prescribed and simulated sea surface
temperatures (SST) in AGCM experiments leads
to different climate-related (mostly snow fall
and temperatures) oceanic and continental
climate anomaly patterns of various amplitudes
over the North Atlantic and Eurasia. These
discrepancies can be explained by both the use
of different models. Moreover Kageyama et al.
(1999) found that compared to less extended
sea ice covers in the North Atlantic, the CLIMAP
reconstruction shifts the stormtrack activity
eastward. Both Ruddiman & McIntyre (1979)
and Hebbeln et al. (1994) show independently
that seasonally open waters in the North At-
lantic, such as suggested by the recent MARGO
LGM SST reconstructions (Kucera et al., 2005a),
during the LGM significantly influence the mass
balance of the Northern Hemisphere ice sheets
(Pollard et al., 2000).

In this work we use three different sea sur-
face temperature reconstructions: the CLIMAP
LGM reconstruction (CLIMAP, 1981) is used in
Papers 1 and 3, Paul & Schaefer-Neth (2003)
LGM reconstruction in Papers 2, 3, 4 and Chap-
ter 6 and finally a simulated SST in Paper 3 and
Chapter 6 to which temperature estimates for
140 ka from marine sediment core data are com-
pared. These reconstructions exhibit discrepan-
cies due to the different proxy methods applied
to derive SST from those proxies, improvement
of dating methods and numerical models inter-
polation. For example, the applied proxy recon-
struction methods by different authors include:
micropaleontological transfer functions, oxygen
isotopes in biogenic skeletons, unsaturated ratio
UK!

37 (alkenone) and trace elements in biological
carbonates (Sr/Ca, Mg/Ca, U/Ca). Bard (2001)
and Mix et al. (2001) show the need to perform
multiproxy SST reconstructions in order to get
an idea of the performance of the various meth-

ods and estimate upper and lower bounds of un-
certainties of the resulting SST values. This was
done within the recent MARGO Project (Wael-
broeck et al., 2009)

To illustrate the differences between the var-
ious SST reconstructions used in this work,
we present the temperature anomalies between
the reconstructed paleo-temperatures and the
present-day observations from the Hadley Cen-
tre (referred as HadISST) averaged between
1970 to 1999 (Rayner et al., 2003).

CLIMAP LGM

The Climate, Long-Range Investigation, Map-
ping and Prediction (CLIMAP) focused on the
last glacial ocean with the main objective to eval-
uate the oceanic changes resulting from the shift
into and out of the last interglacial period The
project used a very large number of marine sed-
iments cores with a maximum coverage in the
North and South Atlantic. Winter and summer
SST were estimated using regional transfer func-
tions derived from the species composition of
foraminifera, radiolaria and coccoliths. The un-
certainty of the SST estimates is about 1! to
2!C. Sea-ice cover was defined where SST was
cooler than the sea water freezing temperature
(–1.8!C). Compared to HadlSST, the CLIMAP
LGM reconstruction shows a mean annual cool-
ing of about 12!C in the North Atlantic and of
about 4!C in the Bering Sea region due to the
LGM sea ice cover extending in these regions
(Figure 1.16a). The LGM South Oceans also ex-
hibits cooler temperatures by about 4!C. Finally
the subtropical Pacific Ocean was warmer !2!C
warmer during LGM compared to present-day
according to CLIMAP.

Paul & Schaefer-Neth (2003) LGM SST

This more recent reconstruction is based on sev-
eral available datasets:

• Atlantic Ocean: Pflaumann et al. (2003) sea
surface temperature isotherms extrapolated
to the West.

• North Atlantic: de Vernal et al. (2000) Au-
gust and February estimates

• South Atlantic: Niebler et al. (2003) annual
mean SST and seasonality; Gersonde et al.
(2003)

• Pacific and Indian Oceans: CLIMAP (1981)
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Figure 1.16: Difference in mean annual sea sur-
face temperature (!C) between: a. LGM CLIMAP
(1981) and present-day, b. LGM Paul & Schaefer-
Neth (2003) and present-day, c. simulated 140k and
present-day.

The sea ice extent has been determined in the
Northern Hemisphere by extending Pflaumann
et al. (2003) sea ice cover to the west using de
Vernal et al. (2000) February and August esti-
mates. Around Antarctica, SST reconstruction is
based on Gersonde et al. (2003).

Compared to HadISST, this mean annual LGM
reconstruction is cooler by about 9!C in the
North Atlantic and by about 4!C in the Bering
Sea region (Figure 1.16b). However, in this LGM
reconstruction, sea ice is less extended to South
compared to CLIMAP in the North Atlantic. The

mean annual LGM World south oceans also ex-
hibits cooler temperatures by about 4!C. Finally
the Pacific Ocean is warmer by about 2!C during
LGM.

The MARGO Project (Waelbroeck et al., 2009):
a LGM multiproxy reconstruction

The MARGO project (Waelbroeck et al., 2009) is
based on a multiproxy approach with the argu-
ment that no particular proxy method provides
better estimates of past SST than another (Bard,
2001; Mix et al., 2001). This project uses SST
estimates from 696 available marine sediment
records. The data coverage is rather dense in
the North Atlantic, the Southern Ocean and in
the Tropics (Figure 1.17).

The resulting SST reconstruction shows that
during LGM, there were large East-West gra-
dients in the Tropics and North Atlantic (Fig-
ure 1.17). These gradients are still not cap-
tured by existing coupled Atmosphere-Ocean
GCM LGM simulations and may reflect critical
discrepancies between the simulated LGM and
present-day atmosphere-ocean system. One im-
portant result is that on contrary to CLIMAP, all
proxies converge toward ice-free conditions in
the Nordic seas during the glacial summer (Fig-
ure 1.17). Moreover, the tropical cooling vis-
ible in the CLIMAP reconstruction is more ex-
tended in MARGO and the subtropics Pacific is
less warm than in CLIMAP.

These results illustrate the necessity to use
more recent LGM reconstructions than CLIMAP
which holds temperature biases in critical ar-
eas. In our work, we compare the impact of
CLIMAP sea surface conditions on the climate
simulated by LMDZ4 to that of Paul & Schaefer-
Neth (2003) in several simulations. The more
realistic LGM simulations are carried out us-
ing the Paul & Schaefer-Neth (2003) reconstruc-
tion which is more in agreement with the sum-
mer open-water in the Nordic Sea and with
a stronger tropical cooling as proposed in the
MARGO reconstruction.

The Late Saalian glacial maximum surface
ocean (140 ka)

The methods used to simulate the Late Saalian
sea surface conditions are detailed in Sec-
tion 1.3.2. Compared to HadISST, the calcu-
lated Late Saalian SST present a large cooling
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Figure 1.17: MARGO Project (Waelbroeck et al.,
2009) LGM reconstruction for winter January-
February-March (a) and summer July-August-
September (b). Pixels correspond to marine
sediment cores-derived SST (!C) and sea ice limit is
indicated by pixels whose temperature is lower than
-1.8!C

of -18!C in the North Atlantic and North Pa-
cific (Figure 1.16c). This is due to the larger
southward sea ice cover reaching Spain and
Canada in the Late Saalian reconstruction. In
the Southern Ocean, cooling is small (-2!C).
On the contrary, the South Pacific is approx-
imately 5!C warmer than in HadISST. This
Late Saalian reconstruction is colder than both
the LGM CLIMAP (1981) and Paul & Schaefer-
Neth (2003) SST. Globally, the Northern Hemi-
sphere is cooler than HadlSST while the South-
ern Hemisphere is warmer than HadISST. This
is due to the larger eccentricity enhancing the
effect of precession compared to Late Saalian
than during present-day (Section 1.2.2). This
enhances the asymmetry between the two hemi-
spheres (Raymo et al., 2006). This point is fur-
ther discussed in Paper 3 and Chapter 6.

1.4.6 The Arctic Ocean ice shelf

The Arctic Ocean North of the Fram Strait and
the northern Canadian Arctic Archipelago is

nearly landlocked and has an area of !9.5"106

km2 of which !53% is constituted of shal-
low continental shelves (Jakobsson, 2002) (Fig-
ure 6.2). The mean depths of the shallow seas,

Figure 1.18: Comparison between the Antarctic
Ross ice shelf size (red contours in top frame) and the
Canadian Arcti basin (bottom frame, see Figure 6.1).
Courtesy M. Jakobsson

including the continental shelf, ranges from less
than 50 m to slightly more than 300 m while
large areas of the deep central basins exceed
4000 m water depth (Jakobsson et al., 2008b).
During the LGM as as during the Late Saalian,
the only open gateway between the Arctic Ocean
and the World Ocean was the Fram Strait located
between Northeastern Greenland and Svalbard.
Currently, the depth of Fram Strait threshold is
2550 m (Klenke & Schenke, 2002) and the clos-
est distance between Greenland and Svalbard
across the strait is 440 km (Jakobsson et al.,
2007). This distance was certainly reduced by
more than 20% during LGM and the Late Saalian
when large parts of continental shelves on both
sides of the strait were either exposed due to a
lower sea level or covered by ice sheets. Recent
estimates show that the present sea ice export
through the Fram Strait is about 2200 m3·yr"1
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Figure 1.19: MIS 6 Canadian ice shelf reconstruction (dark blue). Yellow triangles indicates places where
glacial erosion marks have been evidenced, converging toward the existence of a large floating ice feature in
the Arctic Ocean. Black arrows indicate hypothetical ice flow directions partly based on the marine seismic
profiles. Red lines indicate the seismic profiles carried out over the Lomonosov ridge. Courtesy M. Jakobsson.

(Kwok et al., 2004).

During the Arctic Ocean 96 expedition with
Swedish icebreaker Oden, large-scale erosion
of the seabed was discovered from chirp sonar
mapping of the crest of the Lomonosov Ridge in
the central Arctic Ocean approximately 1000 m
below the present sea level (Jakobsson, 1999).
Further geophysical mapping during the Scien-
tific Ice Expeditions (SCICEX) 1999 with nuclear
submarine USS Hawkbill revealed that the ero-
sional features on the Lomonosov Ridge were
caused by glacier ice grounding (Polyak et al.,
2001). Icebreaker surveys of the Chukchi Bor-
derland together with the USS Hawkbill data
from the Alaskan northern margin provided data
that suggested the existence of an ice rise on
the Chukchi Borderland acting as a local ice
sheet and large floating ice shelves in the Cana-
dian part of the Arctic Ocean (Jakobsson et al.,
2005, 2008b; Engels et al., 2008). In addition
to the geophysical data, sediment cores were ac-
quired from these glacial features during the ice-
breaker expeditions. These cores made it pos-
sible to date some of the mapped glaciogenic
bedforms and the results converge to the end
of MIS 6 (!160 -140 ka) while no evidence of
deep ice grounding has been found for the LGM
(Jakobsson et al., 2008b; Polyak et al., 2007).

Recent mapping data providing information on
the Arctic Ocean glacial history were acquired
during the Lomonosov Ridge off Greenland Ex-
pedition (LOMROG) 2007 (Jakobsson & co au-
thors, 2009). These data show that a MIS 6
ice shelf did not extend over the entire Arctic
Ocean, as suggested by Hughes et al. (1977) for
the LGM (see below), since the Morris Jesup
Rise, which is extending the continental shelf
of Northern Greenland, only has been subjected
to ice grounding of singular deep icebergs and
not larger floating ice masses (Jakobsson pers.
comm.). In other words, the accumulation of ex-
isting geophysical mapping and geological cor-
ing data do not support the existence of a single
dynamic ice shelf over the MIS 6 Arctic Ocean
but a large ice shelf with associated ice rises act-
ing as local ice sheets in the Amerasian Basin.

The Arctic ice shelf in literature

During the last decades, the idea that the Arc-
tic Ocean might have been completely covered
by a 1-km thick ice shelf during the Quaternary
glaciations has been discussed in terms of ice dy-
namics but the impact upon climate of such a
glacial feature has never been explored. Mer-
cer (1970) was the first to develop the idea of
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the existence of a Quaternary based ice sheet
in the Arctic Ocean with an ice shelf forming a
critical component. He did not precisely outline
but he proposed that it should first have devel-
oped in the Amerasian part as it there would
be less susceptible to the influx of warm water
from the Atlantic through Fram Strait. He sug-
gested that the ice shelf developed in a glacial
period prior to the LGM since the cold climate
then did not last long enough to produce an
extended and thick floating ice shelf. Hughes
et al. (1977) and Grosswald & Hughes (1999)
developed Mercer’s idea and proposed a 1-km
thick ice shelf covering the entire Arctic Ocean
during LGM. In part, their LGM reconstruction
was supported by geological evidence, such as
glaciogenic morphological features recorded on
the continental shelves and the transportation of
erratics for example along the coasts of North-
ern Greenland. However, the evidence they used
was mostly not well constrained in time. Fi-
nally, they assumed that without a thick Arctic
Ocean ice shelf, the Eurasian and Laurentide ice
sheets could not have remained stable. They de-
veloped the concept of a multi-component inter-
connected ice aggregate (continental ice sheets,
‘marine’ ice sheets, ice streams and ice shelves)
dynamically active.

The ice shelf reconstruction topography

In order to test if a large floating ice shelf in the
Arctic Ocean could had an impact on the climate
during the Late Saalian glacial maximum, a re-
construction of the MIS 6 ice shelf extent and to-
pography is required. Probably the best way to
evaluate where an ice shelf could have existed in
the Arctic Ocean, is to compare the geographical
setting with Antarctica as well as the glaciogenic
seafloor morphology that have been mapped in
both arctic and Antarctic regions. This work is
presently being carried out in detail by Jakob-
sson et al., (in prep), although for the climate
modelling experiments in Chapter 5 of this the-
sis, it is enough to roughly outline the ice shelf
extent and topography as the AGCM LMDZ4 was
not set up to work with a high-resolution grid
(see 1.3). Furthermore, the AGCM simulations
in Chapter 5 are designed to generally evaluate
if there is a difference in climate impact from a
limited ice shelf in the Amerasian Arctic Ocean
versus a completely ice shelf filled ocean as pro-
posed by Hughes et al. (1977). Therefore, the
first draft of the ice shelf extent by Jakobsson et

al., (in prep) is used for the climate simulations.

The Ross (487 000 km2 and 750 m thick
(mean)) and the Filchner-Ronne ice shelves
(430,000 km2 and 600 m thick (mean)) are the
largest Antarctic ice shelves. To allow for com-
parison with the Arctic, the outline of the Ross
Ice Shelf is placed near the Canada Basin of the
Arctic Ocean (Figure 1.18). This shows that the
spatial dimension of the Canada Basin is not too
far from the Ross Ice Shelf.

The usual mean observed thickness at the
front of the large present Antarctic ice shelves
is about 200 m, which means that ! 20 m are
emerged above sea level. However, some of
the shelves have portions that are significantly
thicker and the final thickness at the front from
where icebergs are calved depends on how far
the ice shelf flowed from the grounding line
as well as basal accretion or melting etc. As
discussed above, scours marks have been ob-
served in the Arctic Ocean down to water depth
of ! 1000 m bellow present sea level imply-
ing that thick icebergs drafting around 890 m
at minimum (with a 110 m lower sea level
than present) flowed in the MIS 6 Arctic Ocean
(e.g. Jakobsson, 1999; Jakobsson et al., 2008b;
Polyak et al., 2001). However, the presently
available data do not suggest that the MIS 6 ice
shelves were this thick in general; most of the
deepest scours are from singular icebergs.

To reconstruct a generalised ice shelf in the
Canada Basin of the Arctic Ocean for the mod-
elling experiments, the extent was taken from
the preliminary version of Jakobsson et al. (in
prep) where the thickness was inferred by as-
suming a general gradient from an ice thickness
of 1000 m at the grounding line at about the
continental shelf break. From this point where
the ice becomes afloat, the ice shelf is thinned
by 5 m/km until it reaches a thickness of 200
m which then defines the ice shelf front. Some
manual adjustment to make the hypothesised ice
shelf conform to collected geophysical and geo-
logical data has been done by Jakobsson et al
(in prep). The 200 m thick front is the clas-
sical calving limit used in thermodynamical ice
models such as GRISLI (Peyaud, 2006; Peyaud
et al., 2007). In the Canada Basin, we assume
that the ice shelf results from the merging be-
tween the ice flowing from the Chukchi Border-
land and that from the three ice streams drain-
ing the Laurentide continental ice lobes (Mc-
Clure Strait, Amundsen Gulf and Mackenzie ice
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streams) evident in ICE-5G (Figure 1.19, Peltier,
2004).

1.5 Summary of the peer re-
viewed articles

This thesis was carried out following a specific
logic of investigation: the regional continental
factors such as dust deposition on snow and
proglacial lakes were first studied in a climate
context and constitute the main topic of Paper 1.
This was followed by an effort to compute veg-
etation in agreement with the Late Saalian cli-
mate in Paper 2 and the outcome was compared
to the LGM vegetation. From Paper 2, it became
evident that it was needed to simulate SST to
better understand the Late Saalian glacial maxi-
mum climate. Thus SST became the main topic
of Paper 3 in which we also explored the sensi-
tivity of the LGM Eurasian ice sheet. New data
from the Lomonosov Ridge off Greenland (LOM-
ROG) 2007 expedition made it possible to better
constrain the extent of a MIS 6 floating ice-shelf
in the Arctic Ocean. Since this ice shelf seem
to be a special feature of the Late Saalian (MIS
6), its effect on the Late Saalian Arctic climate
is investigated in Paper 4. Finally, to better un-
derstand the climate dynamics of the entire Late
Saalian period (160 - 140 ka) snap-shots were
performed at 140 ka, 150 ka and 160 ka com-
bining all the reconstructed Late Saalian bound-
ary conditions and using all the methods devel-
oped in Papers 1-4. This is the subject of Paper 5
which is included as a manuscript in this thesis.

Paper 1: Regional factors

The article entitled “Influence of regional pa-
rameters on the surface mass balance of the
Eurasian ice sheet during the peak Saalian (140
kya)” constitutes the basis for this entire the-
sis work. The article addresses the hypothesis
that the large Late Saalian Eurasian ice sheet
extent and volume result from feedbacks be-
tween regional continental parameters and cli-
mate processes (Section 1.1). In this study, we
mainly evaluate the influence of dust deposition
on snow and proglacial lakes on the surface mass
balance (SMB) of the Late Saalian Eurasian ice
sheet. However, a part of Paper 1 is also focused
on the impact of small vegetation changes such
as replacing the conifera by tundra and the cli-
mate difference induced by two prescribed LGM

SST reconstructions. The influence of vegetation
and SST are further studied in Paper 2 and 3.

To simulate the Late Saalian climate and to
address the problem of regional factors, we use
LMDZ4 (Section 1.3.1, Hourdin et al., 2006).
Seven model simulations of 21 years each have
been carried out: a present-day control run
(REF0), a reference Late Saalian simulation
(REF140), DUST140 and LAKES 140 account-
ing for dust deposition on snow and proglacial
lakes respectively, FULL140 including both dust
and proglacial lakes, VEG140 in which forest has
been removed and finally SST140 forced with
Paul & Schaefer-Neth (2003) SST reconstruc-
tion (the other runs were forced using CLIMAP
(CLIMAP, 1981)).

In DUST140, dust deposition locally warms
the Eurasian climate during spring by ! 1!C
in particular along the southern margins of the
Eurasian ice sheet. However, this is not enough
to decrease the ice sheet’s mean annual SMB. In
LAKES140, proglacial lakes cool the summer cli-
mate locally by ! 14!C and over Eurasia by !
2!C. This reduces surface melt along the south-
ern margin of the Eurasian ice sheet by about
200 to 2000 mm·yr"1. Consequently the mean
annual SMB over the entire ice sheet is signif-
icantly increased by ! 28 mm·yr"1, compared
to the REF140 mean annual value, due to a
decrease in mean annual ablation of the same
amount. The results from simulation FULL140,
where both proglacial lakes and dust deposi-
tion are included, are interesting since the pres-
ence of the former parameter reduces the im-
pact of the latter, particularly during summer.
Consequently, summer temperature is decreased
by about 1!C to 2!C over Eurasia compared to
REF140 and proglacial lakes still cause a local
cooling of ! 14!C. The final result is that when
both proglacial lakes an dust are included in sim-
ulation FULL140, the net effect for the mean an-
nual SMB of the Eurasian ice sheet is nearly sim-
ilar as when only proglacial lakes are included.
SMB is increased by ! 23 mm·yr"1 due to a de-
crease in ablation by ! 25 mm·yr"1 during sum-
mer. In VEG140 where dust and proglacial lakes
are included, a switch from needle-leaf to tun-
dra vegetation affects the regional climate but
not enough to significantly influence the SMB
of the nearby ice margin. Finally, changing the
SST boundary conditions used in the simulation
experiments from CLIMAP to Paul & Schaefer-
Neth (2003) LGM reconstructions broadly af-
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fects the regional climate with significant con-
sequences for the SMB (–24 mm·yr"1 when Paul
& Schaefer-Neth (2003) LGM SST are used).

In summary, this paper shows that the re-
gional parameters significantly influence the
Eurasian climate during the Late Saalian. This
has important consequences for the surface mass
balance of the Late Saalian Eurasian ice sheet
particularly along the margins which are af-
fected by ablation during summers.

The method used to estimate the SMB of the
Eurasian ice sheet is indeed critical for the analy-
sis of the simulation experiments. Two methods
have been used: the energy surface mass bal-
ance (Thompson & Pollard, 1997) and the pos-
itive degree day (PDD, Ohmura et al. (1996))
which includes a downscaling onto a finer grid.
The energy surface mass balance gives nega-
tive values for all the simulations while the PDD
method provides positive values for all of them.
This results from the higher grid resolution in
the PDD method which is able to fully account
for the ablation along the margins of the ice
sheet. This PDD method substantially reduces
the ablation at the margins and will be used in
the following papers instead of the energy bal-
ance method.

Paper 2: Vegetation feedbacks

Following Paper 1, the article “Sensitivity of the
Late Saalian (140 ka) and LGM (21 ka) Eurasian
ice sheet surface mass balance to vegetation
feedbacks” proposes a computed reconstruction
of the Late Saalian vegetation cover. Similarly
to Paper 1, the AGCM LMDZ4 is used, but this
time asynchronously coupled to the equilibrium
vegetation model BIOME4 (Kaplan et al., 2003).
The SMB of the Eurasian ice sheet is also in this
work the main indicative parameter used to an-
alyze the results from different simulations and
this SMB is calculated using the PDD method de-
scribed in Ohmura et al. (1996). To better un-
derstand the impact of vegetation feedbacks on
the Late Saalian Eurasian ice sheet, similar sim-
ulations were carried out for the LGM Eurasian
ice sheet and climate.

Since no vegetation map had been compiled
for the Late Saalian time period prior to this
work, the LGM (C21) and the Late Saalian
(C140) climate snapshots (21 years) were ini-
tially simulated by forcing LMDZ4 with the ex-
isting LGM vegetation map by Crowley (1995).
New vegetation maps were subsequently com-

puted by forcing BIOME4 with the monthly
mean and minimum daily temperatures, the
monthly mean precipitation and the cloud cover
fraction obtained from the two C21 and C140
AGCM simulations. Then this vegetation is given
as a new boundary condition to the AGCM.
Steady state vegetation was obtained after three
iterations and the final AGCM runs, using the
derived LGM and Saalian vegetation maps are
referred to as B21 and B140 respectively.

BIOME4 computes a continuous East-West
taiga and mixed-forest belt over Eurasia, both
for LGM and Late Saalian periods. This is differ-
ent from the vegetation distribution portrayed
on the LGM map by Crowley (1995). How-
ever, the net primary production of this forest-
type vegetation is lower than 350 gC·m"2. This
suggests that the computed forest has a low
density and is not particularly productive com-
pared to the present-day Eurasian forests (> 460
gC·m"2). During the Late Saalian, vegetation
changes induce a large increase in albedo (more
than 30%) as a result of the accumulation of a
permanent snow cover in the three climate it-
erations. This causes a regional cooling over
Eurasia of about 15!C. During the LGM, the re-
placement of conifera (Crowley, 1995) by tun-
dra in the Russian plains increases the albedo
by 15%. The regional climate is cooled by ap-
proximately 2.5!C due to this albedo change.
On the contrary, over Europe, the development
of taiga and mixed forest reduces the albedo
with approximately 20% which causes a slight
regional warming (! 2!C). As a result of the
vegetation changes, ablation along the margins
of the Late Saalian ice sheet is significantly re-
duced by about 56 mm·yr"1, leading to an in-
creased SMB of about 67 mm·yr"1, while there
are no significant SMB changes observed from
vegetation feedbacks at the LGM.

In summary, this work shows that using a com-
puted Late Saalian vegetation map in the cli-
mate simulations with LMDZ4 leads to a dif-
ferent climate state than when using the initial
LGM Crowley (1995) vegetation reconstruction.
This directly affects the SMB of the ice sheet, in
particular along the southern margins. More-
over although a simulated LGM vegetation dis-
tribution should be good as first approximation
to model previous ice ages, this study highlights
the need to simulate vegetation using interac-
tive coupled atmosphere-vegetation models to
account for the climatic feedbacks.
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Paper 3: Late Saalian SST

This article entitled “The Late Saalian surface
ocean (140 ka): sensitivity of the Late Saalian
Eurasian ice sheet to sea surface conditions”
forms a continuation of Paper 1 in which it be-
came clear that SST is a critical parameter of cli-
matic importance that needs to be further ad-
dressed. The paper focuses on the sensitivity of
the Late Saalian Eurasian ice sheet to various
prescribed and simulated sea surface tempera-
tures (SST). Since no Late Saalian SST global
reconstruction exists, we prescribed as a first ap-
proximation, LGM SST from CLIMAP (CLIMAP,
1981) and from Paul & Schaefer-Neth (2003).
Numerical experiments are carried out both for
the LGM and the Late Saalian in order to make
comparisons possible. The Late Saalian surface
ocean is simulated using the Planet Simulator
AGCM coupled to a mixed layer ocean model
(Fraedrich et al., 2005) in order to derive SST
for this time period. The simulated SST are then
used to force LMDZ4.

In total five snap-shots of 21 years each are
carried out using the LMDZ4: CLIM140 and
CLIM21 forced using CLIMAP LGM SST, P03140

and P0321 forced using Paul & Schaefer-Neth
(2003) LGM SST (referred to as P03) and fi-
nally FULL140 forced using the simulated SST for
the Late Saalian time period. The main differ-
ence between P03 and CLIMAP sea surface con-
ditions in the Northern Hemisphere resides in
the larger sea ice extent reaching as far south as
45!N during winter and 50!N during summer in
the North Atlantic in the CLIMAP reconstruction.
The CLIMAP SST reconstruction tends to cool
the mean annual temperature by approximately
15!C over the North Atlantic and weakens the
Icelandic depression when it is used for simula-
tion of the LGM and Late Saalian. Evaporation
and precipitation are reduced over the North At-
lantic by more than 80%. However, during the
Late Saalian, the cold temperature anomaly re-
mains confined to Arctic Ocean while it spreads
further over Eurasia during the LGM. This is
due to the difference in ice elevation which is
almost doubled during the Late Saalian com-
pared to the LGM. Surface mass balance (SMB)
present values of the same order for all simu-
lations (from 208 to 248 kg·m"2·yr"1) but for
the Late Saalian, the difference between CLIMAP
and P03 is not as large as for the LGM (14
kg·m"2·yr"1 and 40 kg·m"2·yr"1 respectively).

Late Saalian SST (referred to as PS140)

that have been simulated using the monthly
LGM ocean heat fluxes calculated from Paul &
Schaefer-Neth (2003) are further compared to
P03. PS140 is completely different from P03
and exhibits a large asymmetry between the two
hemispheres. Indeed, the Northern Hemisphere
shows a 9!C cooler mean annual temperature
while the Southern Hemisphere is warmer by
about 2!C to 6!C. This effect seems at a first
glance comparable to the “seesaw” effect that
has been attributed to results from thermoha-
line variations in the Atlantic Ocean and which
causes a heat transfer from one of the two hemi-
sphere to the other (Stocker, 1998). However
Planet Simulator does not simulate deep ocean
circulation and the same meridional heat flux is
prescribed in both experiments. Consequently,
the asymmetry seen in SST cannot result from
such a “seesaw” effect. Instead, the asymmetry
may be explained by the larger eccentricity en-
hancing the precessional effect during the Late
Saalian compared to the LGM. This orbital con-
figuration may be the key to the large sea ice
cover reaching 40!N in both North Atlantic and
North Pacific during both winter and summer as
seen for the last glacial inception by Khodri et al.
(2005).

The main consequence, when prescribing
PS140 in the LMDZ4 simulations, for the North-
ern Hemisphere climate is a mean annual cool-
ing of about 10!C compared to P03. As for
CLIMAP, the larger sea ice extent weakens the
Icelandic depression and reduces evaporation
over the North Atlantic. However, since this
colder climate persists during the entire year,
moisture fluxes coming from the Atlantic and
from the North Pacific and advected over Eura-
sia are almost cancelled. Although the Eurasian
ice sheet is not subjected to ablation anymore
even during summer, the mean annual SMB is
reduced by approximately 26 kg·m"2·yr"1 com-
pared to that of P03140 due a lack of accumula-
tion.

In this paper, we have shown that the Eurasian
ice sheet is sensitive to any prescribed or simu-
lated SST reconstruction, but that the amplitude
of this sensitivity significantly depends on the
initial imposed ice topography. The Late Saalian
Eurasian ice sheet is less sensitive than the LGM
because of its higher elevation and more south-
ward extent. This large topography compensates
for variations in SMB along the Atlantic margin
exposed to the moisture fluxes.
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Our simulated Late Saalian SST appears to
be in good agreement with marine sediment
core data in the tropical and equatorial regions
whereas in the higher latitudes the simulated
SST appears to be underestimated both in the
North Atlantic and North Pacific. This means
that the sea ice cover derived from the simulated
SST may extend too far towards lower latitudes.
However, Crowley (1981) did suggest that dur-
ing the Late Saalian, the polar front migrated
much further southward compared to its LGM
position.

Paper 4: the Arctic ice shelf

In this study, we focus on a particular MIS
6 oceanic glacial feature: an Arctic ice shelf
and its impact on the Northern Hemisphere
climate. During the last decade of Arctic
icebreaker and nuclear submarine expeditions,
large-scale glacial erosion and glaciogenic bed-
forms have been mapped on the central Arc-
tic Ocean seafloor in water depths down to ap-
proximately 1000 m below present sea level.
Some of the mapped glaciogenic features on
the Lomonosov Ridge, Chukchi Borderland and
along the Northern Alaskan margin indicate that
the glacial Arctic Ocean hosted large Antarctic-
style ice shelves (e.g. Jakobsson, 1999; Polyak
et al., 2001; Jakobsson et al., 2005, 2008b; En-
gels et al., 2008). Furthermore, dating of sedi-
ment cores collected from glacially eroded areas
of the Lomonosov Ridge indicate that the most
extensive and deepest ice grounding occurred
during MIS 6 and not during LGM (Jakobsson
et al., 2001). This implies that the largest ice
shelves in the Arctic Ocean coexisted with the
largest extension of the Eurasian continental ice
sheet.

Several decades before this geophysical evi-
dence emerged, Mercer (1970) proposed that
there may have existed Antarctic style ice
shelves in the Arctic Ocean during the Pleis-
tocene glacial periods. His idea was further de-
veloped by Hughes et al. (1977) who suggested
a 1-km thick ice shelf covering the entire Arc-
tic Ocean and forming a critical part of a huge
ice sheet, including the Laurentide and Eurasian
ice sheets, that behaved as one dynamic system
during the Last Glacial Maximum (LGM).

If an Antarctic-style ice shelf was present in
the Arctic Ocean during MIS 6, how did it influ-
ence the MIS 6 Northern Hemisphere climate?
Could it have impacted on the surface mass bal-

ance (SMB) of the MIS 6 Eurasian ice sheet and
contribute to its large southward extent?

From the recent geophysical evidence col-
lected in the Arctic Ocean, Jakobsson et al., (in
prep.) reconstructed a ! 800 m thick ice shelf
covering the Canada Basin (a size comparable
size to that of the Ross ice shelf in Antarctica)
and extending along the North American margin
to Greenland. We use LMDZ4 to investigate the
climatic impacts of both a limited MIS 6 ice shelf
covering portions of the Canada Basin and a
fully ice shelf covered Arctic Ocean. Three snap-
shots of 21 years each have been performed ac-
counting for the boundary conditions of 140 ka:
REF5m, which accounts for a 5 m thick sea ice
cover over the entire Arctic Ocean, SHELF, ac-
counting for the Canada Basin ice shelf and GH,
accounting for a 1-km thick ice shelf covering
the entire Arctic Ocean.

Results show that both ice shelves causes a
temperature cooling of about 3!C over the Arctic
Ocean mainly due to the combined effect of ice
elevation and a very efficient insulation from the
underlying ocean heat fluxes stopping the snow
cover from melting during summer. In REF5m,
the Archimedes effect limits the snow mass ac-
cumulating over the sea ice. When the sea ice
sinks into the ocean under the snow weight, part
of the snow transforms into sea ice and part of
the remaining snow melts during summer. The
Archimedes effect is negligible in SHELF and GH
since the ice shelves are ! 1-km thick, stopping
snow from melting during summer. This cooling
extends up to 2000 m of altitude in the atmo-
sphere. However, in both cases, the impact of
the shelves is not strong enough to influence the
large scale circulation.

The SMB of the ice shelves is positive, ! 93
kg·m"2·yr"1 for the Canada Basin ice shelf and
! 46 kg·m"2·yr"1 for the large Arctic ice shelf.
This suggests that both ice shelves are probably
in equilibrium with the MIS 6 climate. The cool-
ing caused by these ice shelves only affects the
Arctic margins of the continental ice sheets that
exhibits a positive surface mass balance and par-
ticularly the Greenland margins. However, this
cooling is not strong enough to significantly in-
fluence the surface mass balance of the entire
MIS 6 Eurasian ice sheet.

The ice front horizontal velocity of the Canada
ice shelf is estimated at ! 1 km.yr"1 which is
comparable to the recent measurements carried
out over the Ross ice shelf (Antarctica). The ex-
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istence of large ice shelf covering the entire Arc-
tic Ocean would imply a mean annual velocity
of icebergs of ! 12 km.yr"1 through the Fram
Strait. These estimates, assuming the equilib-
rium of the ice shelves, are based on their total
mass balance, the input ice flux from the Lau-
rentide and Eurasian ice sheets and on the basal
melting flux from the Ross ice shelf adjusted to
the area of each ice shelf (our simulations do not
include any realistic marine processes involving
the ice shelf). These estimates are realistic and
show that both ice shelf configurations could oc-
cur under the MIS 6 climatic conditions.

Paper 5: The Late Saalian climate dynamics (in
preparation)

In this last study the evolution of climate is con-
sidered throughout the entire Late Saalian pe-
riod by simulating the 140, 150 and 160 ka time-
slices in order to understand the relative stability
of the Eurasian ice sheet. Paper 5 is, in a sense,
a synthesis paper where the methods used in Pa-
pers 1-4 are applied to reconstruct for each con-
sidered time-slice the dust deposition on snow
distribution (Colleoni et al., 2009a), to simu-
late the vegetation cover (Colleoni et al., 2009d)
and the surface ocean conditions (Colleoni et al.,
2009b, , submitted). We use LMDZ4 (Hourdin
et al., 2006), Planet Simulator (Fraedrich et al.,
2005) and BIOME4 (Kaplan et al., 2003).

As in Paper 3, we simulate the 140, 150 and
160 ka SST by prescribing the oceanic flux cor-
rections obtained from a 21 year long LGM run
(forced by Paul & Schaefer-Neth (2003) SST) us-
ing Planet Simulator and adjusting the orbital
parameters and the CO2 to each time-slice. Equi-
librium is reached after 50 model years. The de-
rived SST are thereafter used to force LMDZ4 to
simulate the Late Saalian climate over 21 model
years. Subsequently, three asynchronous iter-
ations between LMDZ4 and BIOME4 are per-
formed to compute vegetation in agreement
with the regional climate. The last LMDZ4 it-
eration of each time-slice (FULL140, FULL150
and FULL160) is further used for analysis and
the last BIOME4 iteration (B3) is compared to
the first one (B1) to address the evolution of the
vegetation cover.

At 160 ka (perihelion in late boreal winter),
the simulated SST in the Northern (Southern)
Hemisphere are much warmer (colder) than at
140 ka (Paper 3) and the sea ice cover does
not extend as far south and is quite similar to

the CLIMAP sea ice extent during both winter
and summer. Vegetation is mainly constituted by
tundra along the entire margins of the Eurasian
ice sheet and in Siberia. However, Northern
Siberia also presents some barren soil areas due
to the accumulation of a permanent snow cover.
BIOME4 also allows taiga and mixed forest to
develop in Europe and Central Eurasia. The
Northern Hemisphere climate 160 ka is warmer
and generally milder than at 140 ka due to the
lower eccentricity combined to a different pre-
cession effect generating warmer surface ocean
conditions and warmer atmospheric conditions.
Consequently the mean annual SMB is slightly
affected by main ablation along the Russian and
western European margins but is positive and in
fact larger than at 140 ka.

At 150 ka (perihelion in early boreal summer),
the simulated SST in the Northern (Southern)
Hemisphere are also much warmer (colder) than
at 140 ka. SST are warmer than at 160 ka dur-
ing fall due to the delayed response of the ocean
to the larger high latitude summer insolation.
Likely because of this, sea ice cover 150 ka is the
least extended for the entire Late Saalian period
during both winter and summer. During sum-
mer, the Eastern Norwegian Sea is open simi-
larly to the Paul & Schaefer-Neth (2003) LGM
reconstruction. Tundra is less extensive than at
160 ka especially in Europe and in the Russian
Plains and the barren soil area is decreased com-
pared to 160 ka. On the contrary, taiga and
mixed forest develop farther to North in these
regions. The Northern Hemisphere climate is
warmer and milder compared to 160 ka and 140
ka most likely as a consequence from the effect
of precession. The mean annual SMB is strongly
influenced by increased ablation along the en-
tire southern margins of the Eurasian ice sheet.
However, compared to 160 ka and 140 ka, the
larger precipitation rate induces a larger SMB
over the entire ice sheet which compensates for
the ablation increase along the southern mar-
gins. Consequently, the SMB is positive and com-
parable to that calculated for 160 ka.

Finally at 140 ka (perihelion in early boreal
winter), the large eccentricity enhances the ef-
fect of precession and causes a major cooling
of the surface ocean. As a result, the sea ice
cover reaches as far south as 40!N in both the
North Atlantic and the North Pacific during win-
ter and summer. This reduced seasonality is due
to cool spring and summer which reduce the sea
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ice melting. Tundra is more extended compared
to than at 150 ka and 160 ka but the barren soil
area has increased due to a larger permanent
snow cover. As a consequence, the taiga and
mixed forest northern limits are shifted south-
ward. The 140 ka Northern Hemisphere cli-
mate is the coldest during of the entire Late
Saalian period. The mean annual SMB is not af-
fected by ablation, not even during summer due
to the large snow accumulation along the mar-
gins positively contributing to the SMB through
the snow-albedo feedback. However, the large
sea ice cover prevents most of the evapora-
tion and moisture fluxes over the North Atlantic
which represents the main moisture source for
the Eurasian ice sheet. Therefore, accumulation
over the ice sheet is reduced compared to 150
ka and 160 ka and the SMB, although positive,
is the smallest during the entire Late Saalian pe-
riod.

Our simulations clearly match the Late Saalian
Eurasian ice sheet chronology: a large ice sheet
at 160 ka, a retreat 150 ka and a readvance 140
ka but not enough in order to become as large
again as 160 ka. The retreat at 150 ka is ex-
pressed through the negative SMB along the en-
tire southern margins, and the readvance during
the Late Saalian glacial maximum is manifested
by the very cold simulated Northern Hemisphere
climate despite the fact that our simulations
does not account for the deep ocean circula-
tion. From our experiments, we therefore pro-
pose that the Late Saalian climate and ice sheet
evolution during this period is mainly driven by
orbital forcings. However, to better assess the
climate and ice sheet dynamics, it is necessary
to performed Atmosphere-Ocean coupled simu-
lations as well as ice sheet dynamics simulations.

Discussion

This work focuses on the Late Saalian glacial pe-
riod spanning 160-140 ka coinciding with MIS
6, and preceding the last interglacial commonly
referred to as the Eemian or MIS 5.5. The three
scientific questions for this thesis outlined in the
introduction originated from the ice sheet ex-
tension maps produced by the QUEEN project
(Svendsen et al., 2004) which showed that the
Late Saalian Eurasian ice sheet extended further
to south and east over Eurasia than the Early,
Middle and Late Weichselian ice sheets. In this
section, I will further discuss the results from the

simulation experiments of Chapters 2-6 and the
three formulated scientific questions on the na-
ture of the Late Saalian ice sheet and its interac-
tion with the contemporary climate. The critical
boundary conditions are further explored by a
set of new simulations designed to test scenarios
that were omitted in the published articles.

The Late Saalian glacial maximum appears
to have taken place around 140 ka. This time
presents a larger precession effect compared to
the LGM (Table 1.1). In fact, the entire Late
Saalian exhibits larger eccentricities than dur-
ing the 40-21 ka period while obliquity shows
a similar evolution. In turn, a larger eccentric-
ity causes the effects from precession to become
enhanced. Despite that there are clear differ-
ences between orbital parameters, greenhouse
gas concentrations seem to have been nearly
equal during the Late Saalian and the LGM (Ta-
ble 1.1).

To address the ice sheet and climate dynamics
through simulations primarily with the AGCM
LMDZ4, we first needed to reconstruct some of
the critical 160-140 ka boundary conditions such
as dust, proglacial lakes, vegetation cover, and
sea-surface temperature (SST). An Arctic Ocean
large floating ice shelf was also investigated as
existing geological evidences indicate that such
feature existed during the MIS 6 (e.g. Jakobsson
et al., 2008b). In summary, this is the logic or-
der for the reconstructions of the boundary con-
ditions used in the simulations:

1- dust deposition on snow was reconstructed
for 140 ka using information from the
Antarctic ice cores.

2- proglacial lakes have been outlined for 140
ka and such large bodies of water have been
shown to affect the local temperature along
the ice sheet margins with consequences for
SMB (Krinner et al., 2004).

3- the 140 ka vegetation cover was simulated
in agreement with the boundary conditions
specified in 1 and 2. SST at 140 ka were first
simulated independently prescribing a LGM
vegetation map, but using dust deposition
on snow and proglacial lakes adapted to the
Late Saalian (points 1 and 2).

4- we then computed SST in agreement with
the Late Saalian climate for the three time-
slices 140 ka, 150 ka and 160 ka adapting
all the boundary conditions following the
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methods used in the articles presented in
Chapters 2 - 4.

5- Finally we calculated a vegetation cover in
agreement with the climate of each snap-
shot for 140, 150 and 160 ka to obtain an
overview of the climate dynamics of the en-
tire Late Saalian glacial period.

On the Late Saalian boundary con-
ditions

Dust deposition on snow

The main feedback caused by dust deposited on
snow is to melt the snow cover during spring
through a decrease in local albedo. We did not

Figure 1.20: Spring temperature anomaly between
DUST21 and REF (!C). Mean annual surface mass
balance (kg.m"2.yr"1) and its components for the
two simulations DUST21 and REF.

explore the impact from a larger dust deposition
rate, in line with what has been estimated for
the LGM, during the Late Saalian in any of the
experiments included in the articles. Therefore,
I performed two Late Saalian 21 years snap-
shots: DUST21 using the LGM dust deposition

map (Mahowald et al., 1999) and REF without
any dust deposition on snow.

As described in Paper 1, the LGM Antarctic
atmospheric dust content recorded in ice cores
is about 40% larger than the Late Saalian. In
DUST21 we thus account for a 40% larger dust
deposition rates than in the adapted map in Pa-
per 1. Note also that contrary to the Late Saalian
map in which we artificially removed some dust
overlapping the Eastern part of the Eurasian ice
sheet, DUST21 accounts for the original Ma-
howald et al. (1999) LGM map without any
modifications.

During spring, the dust deposition on snow in
DUST21 causes a warming of 3!C over the en-
tire Eurasia (Figure 1.20). This anomaly reaches
the southern part of the Eurasian ice sheet. Con-
sequently, the SMB is characterized by a larger
ablation in DUST21 but compared to REF, the
difference is not statistically significant. Finally
the mean annual SMB is lower in DUST21 (218
kg.m"2.yr"1) than in REF (225 kg.m"2.yr"1)
but again, this difference is not significant. This
shows that even if our Late Saalian dust deposi-
tion map, presented in Paper 1 and used for all
the 140 ka simulations, is an adaptation of the
LGM (Mahowald et al., 1999) reconstruction, in-
creasing dust deposition rates in Eurasia (even
over the Eastern part of the ice sheet) does not
influence the mean annual SMB of the Eurasian
ice sheet significantly.

Proglacial lakes

In Paper 1, we showed that ice-dammed lakes
cool the summer climate due to their low ther-
mal inertia and this significantly reduced ab-
lation along the southern margin of the Late
Saalian Eurasian ice sheet. However, there
are no direct geological evidence of huge Late
Saalian Siberian ice-dammed lakes, such as
for examples dated paleo-shorelines or other
lake deposits. On the other hand, the paleo-
topography with the ice sheet in place strongly
suggests that ice-dammed lakes should have
formed in front of the ice sheet’s southern mar-
gin.

Therefore, we followed the approach of
Mangerud et al. (2004) and assumed that lakes
developed and drained into the Caspian Sea
via the Turgay Pass (Figure 1.21a). The re-
constructed Late Saalian ice-dammed lakes in
Siberia reached a size of 1.86"106 km2, but
since we do not have any geological evidence to
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REF LAKE100m LAKE235m

Total precip. 351 336 341
Snow 313 303 310
Evap 68 65 65

Ablation 89 74 61
SMB 156 164 184

Table 1.5: Mean annual surface mass balance
(SMB) values and components for simulations
REF, LAKE235m (see Paper 1) and LAKE100m in
kg.m"2.yr"1. “Total precip.” stands for Total pre-
cipitation

support this reconstruction, I test the impact of
a different lake morphology. Instead of filling
with water up to a level of 235 m above present
sea level as in Paper 1, the topography is filled
only up to 100 m (Figure 1.21b). Lakes are then
confined to the Southern ice sheet margin exclu-
sively.

The effect from these much less extensive ice-
dammed lakes is that during summer, the tem-
perature cooling is of the order of !8!C over the
lakes (Figure 1.21c). However, contrary to the
cooling generated by the large proglacial lake
in Paper 1, this cooling does not impact on the
temperature over the southern margin of the
Late Saalian ice sheet. The lake is not large
enough to cause an anomaly extending in alti-
tude; the cooling is blocked by the ice sheet’s
steep topography. The cooling induced by the
lakes only spreads southward, where topogra-
phy is flat enough to not stop the atmospheric
circulation. The amplitude of the summer cool-
ing over the lake is comparable to that simulated
in Paper 1. In summary, changing the sizes of the
ice-dammed lakes does not impact on the ampli-
tude of the temperature anomalies, but the spa-
tial extent of the cooling effect is smaller.

Although the regional climate is not strongly
affected by the presence of the Siberian
proglacial lake, the SMB of the nearby ice sheet
shows differences (Table 1.5). Ablation and
evaporation are reduced compared to REF as
well as precipitation. The reduction in precipi-
tation is less important than the reduction in ab-
lation and evaporation. The mean annual SMB
of the ice sheet is thus larger in LAKE100m (164
kg.m"2.yr"1) than in REF (156 kg.m"2.yr"1).
However, compared to REF, the difference in
SMB is statistically significant based on the Stu-
dent t-test as explained in Paper 1. In Paper

Figure 1.21: In simulation LAKE100m, we only re-
duced the Siberian lake compared to that used in
Paper 1. a. Proglacial lakes used in Paper 1, the
lake have been fill until the topographic level 235
m. b. Proglacial lakes used in LAKE100m. We fill
the Siberian deflection south to the ice sheet until
the topographic level 100 m above the Late Saalian
sea level. c. Difference in summer temperature (!C)
between simulations LAKE100m and REF (with no
proglacial lakes). Area of the lakes in both case is in-
dicated in the figure (Mediterranean area is !2 510
000 km2).

1, the decrease in SMB is significant and larger
than that caused by the small Siberian proglacial
lake.

To conclude, the variation of the size of
proglacial lakes induce significant changes of
the SMB of the Eurasian ice sheet’s southern
margin even if the spatial extent of the in-
duced cooling is substantially different. How-
ever, changes in SMB are not proportional to the
prescribed proglacial lake size (see also Paper
1). Since the Late Saalian Eurasian ice sheet
is sensitive to changes in regional parameters
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nearby its southern margin, the reconstruction
of proglacial lakes requires attention.

Vegetation

To compute vegetation cover in equilibrium with
our Late Saalian simulated climates, we used
BIOME 4 (Kaplan et al., 2003). We simulated
both LGM and Late Saalian vegetation cover
using an asynchronous coupling between this
model and the LMDZ4, similarly to de Noblet
et al. (1996). Our computed vegetation has a
large band of taiga and mixed forest towards
40!N (Paper 2), even in the coldest climatic
conditions of the Late Saalian simulation forced
with the simulated SST at 140 ka (Chapter 6).

The debate concerning the growth of trees in
Eastern and Western Europe during the LGM
glacial maximum is still ongoing. The emerg-
ing vision of the LGM vegetation is that refugials
allowed trees to grow under glacial conditions.
This is supported by pollen evidences (e.g. Willis
& van Andel, 2004; Tarasov et al., 2000, 2007).
But in our reconstructions, BIOME 4 allows a
continuous East-West belt of forest to develop
for which the northern limit corresponds to the
10!C summer isotherm. The reason why an ex-
tended forest area is derived by BIOME 4 even
under severe glacial conditions may be that the
model does not account for the effects of per-
mafrost.

Alfano et al. (2003) simulated the vegetation
cover during the 60 - 20 ka time period using
BIOME 3.5 to test the sensitivity of various fac-
tors such as temperatures and permafrost. The
results show that BIOME 3.5 fails to compute
a permafrost extent southward that conforms
with the geological evidence. This will stop
tundra from developing much southward at the
expense of other biomes, which may partly be
the explanation of our simulated forest belt, in
disagreement with the LGM refugial hypothesis
supported by pollen data. This bias might have
also been propagated in the Late Saalian experi-
ments.

Late Saalian surface ocean

In Paper 3, we simulated the Late Saalian sea
surface temperatures (SST) using Planet Simu-
lator (Section 1.3, Fraedrich et al., 2005). We
obtained very cold sea surface temperature and
a sea ice cover reaching 40!N in both the North
Atlantic and the North Pacific (Figure 1.22a).

However, as discussed in Paper 3, the fact that
Planet Simulator does not model the deep cir-
culation enhances the impact of orbital forcings
on the surface ocean and in our case results in
the strongly asymmetric temperature change be-
tween the Northern and Southern Hemisphere.

For the reconstruction of Paper 3 we used
Paul & Schaefer-Neth (2003) SST to get LGM
ocean heat fluxes corrections. But how would
the scenario look like regarding the Late Saalian
SST if we used another SST reconstruction, such
as CLIMAP (1981) SST to compute LGM ocean
heat fluxes corrections? In order to test this,
I followed the methods described in Paper 3
and carried out one more Late Saalian simula-
tion (CLIM140) using CLIMAP LGM ocean heat
fluxes for the interest of this discussion. To facili-
tate reading, simulated Late Saalian SST derived
from Paul & Schaefer-Neth (2003) LGM ocean
heat fluxes is called PS140 (same as PS140 in
Paper 3).

When using CLIM140 to force the Late Saalian
climate, this leads to colder SST than when us-
ing PS140 (Figures 1.22c and d). The difference
in SST generated by the discrepancy between
CLIM140 and PS140 is not large since CLIMAP
and Paul & Schaefer-Neth (2003) are both LGM
SST reconstructions. However, the 140 ka SST
using CLIM140 are warmer in the tropic and to-
ward 40!N by 4!C than when using CLIM140.
On the contrary, the equatorial, South Atlantic
and North Pacific are colder by about 2!C. Sea-
ice cover extends similarly to 40!N in the two
simulations during both winter and summer.

Whichever of the tested sets of LGM SST is
used to compute ocean heat fluxes, the simu-
lations of the 140 ka glacial maximum using
these heat fluxes will yield similar SST. The sea
ice cover seems not to be sensitive to the pre-
scribed ocean heat transport since the exten-
sions are similar in the two simulations. On
the other hand, the simulations seem to respond
strongly to the 140 ka orbital forcings. Khodri
et al. (2005) showed that precession at 115 - 120
ka (“friendly-glacial configuration”) reduced the
sea ice cover spring melting leading to a reduced
seasonality. Moreover, precession influences sur-
face ocean shifting the polar front southward in
the North Atlantic with consequences for the po-
sition of the subpolar and subtropical gyres. This
may explain why the sea ice cover in our 140 ka
experiments extends farther to the South com-
pared to what is observed for the LGM limit.
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Figure 1.22: Comparison between the simulated 140 ka sea surface temperatures PS140 and CLIM140
obtained prescribing ocean heat fluxes based on LGM Paul & Schaefer-Neth (2003) and LGM CLIMAP (1981)
SST respectively (Section 1.3). a. Simulated 140 ka SST based on LGM Paul & Schaefer-Neth (2003) ocean
heat fluxes; b. difference between simulated CLIM140 and PS140 SST; c. and d. 140 ka simulated sea ice
cover for winter (DJF) and summer (JJA) for the two SST reconstructions: CLIM140 (blue), PS140 (red).

Since we focus on a glacial period, it seems
more appropriate to use glacial ocean heat trans-
port to force the Late Saalian climate as we did
in Paper 3. However, as also discussed in Pa-
per 3, the 140 ka SST forced by the LGM Paul
& Schaefer-Neth (2003) ocean heat fluxes are
colder in the North Atlantic and in the North Pa-
cific than the marine sediment cores SST records
show while they are in good agreement in the
tropics. Our simulated Late Saalian SST only
account for the orbital forcings and do not re-
distribute the excess of heat over high latitudes.
This leads to an underestimate of the Northern
Hemisphere SST compared to the marine sedi-
ment cores data.

Ice topography: mass conservation

In all our experiments, we prescribed the North
American and Antarctica LGM ice sheets from
ICE-5G (Peltier, 2004). The author is not aware
of literature addressing the Late Saalian Lau-
rentide ice sheet geological extent as well as
its dynamics. Since in North America the LGM
moraines are the more extensive than for the
other previous glacial periods, it appears prob-
able that the Late Saalian Laurentide ice sheet
was of comparable size or smaller than during
the LGM. Previously, we indicated that the global
Late Saalian ice volume ranges between 92 m
and 150 m equivalent sea level (ESL) and that
we choose to prescribe a -110 m sea level (As-
takhov, 2004) in our experiment. What are the
implications of this choice?

• ESL is ! 92 m below present-day sea
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level: the Eurasian ice sheet equals to 61 m
ESL, the ICE-5G Laurentide is 84 m ESL and
Antarctica contributes 17 m ESL. This leads
to a large excess in ice volume of about
70 m ESL! Consequently, the contribution
of the Laurentide and Antarctica has to be
largely reduced to equilibrate the eustatic
sea level. This means that in any case, Lau-
rentide is much smaller than in ICE-5G.

• ESL is ! 150 m below present-day sea
level: since the total contribution of all ice
sheet is of ! 162 m ESL, this leads to an ex-
cess of 12 m, easily removable from the Lau-
rentide ice sheet and/or Antarctica. Conse-
quently, Laurentide ice sheet will be slightly
lower than in ICE-5G.

• ESL is ! 110 m below present-day sea
level: The excess is of 52 m ESL. This re-
quires at least a 50% reduction of the thick-
ness of the LGM Laurentide.

The reduction of the Laurentide ice volume re-
sults in a reduction in elevation and should
have consequences on the atmospheric circula-
tion (Kageyama & Valdes, 2000) which might in-
fluence the surface mass balance of the Eurasian
ice sheet.

However, Kageyama & Valdes (2000) investi-
gated the effect for the LGM during which the
Eurasian ice sheet was substantially lower than
during the Late Saalian. To test whether a sig-
nificant reduction of the ice volume of the Lau-
rentide ice sheet significantly influences the sur-
face mass balance of the Late Saalian Eurasian
ice sheet, we performed two 140 ka snap-shots
using LMDZ4: one Late Saalian reference sim-
ulation with the LGM Laurentide topography
(Lau21) and one using a smaller Laurentide to-
pography (Lau13). In Lau13, the total eustatic
sea level implies at least a reduction of the Lau-
rentide ice volume from! 84 m ESL to 30 m ESL
(Figure 1.23a and c). We thus assume that the
remaining 22 m ESL are removed from Antarc-
tica). Since we do not have any Laurentide re-
construction, we used the snap-shot of ICE-5G in
which the Laurentide ESL equals ! 30 m. This
occurs toward 13 ka (Figure 1.23b). Bound-
ary conditions are set for both experiments using
Paul & Schaefer-Neth (2003) LGM SST, dust de-
position and proglacial lakes adapted as detailed
in Section 1.4.3 and 1.4.2, Crowley (1995)’s
LGM vegetation map, and GHG and orbital forc-
ing for 140 ka and a sea level of -110 m a.s.l.

Figure 1.23: Impact of a reduced Laurentide on Late
Saalian climate in the Northern Hemisphere. a. ICE-
5G Laurentide ice topography at LGM (Peltier, 2004),
b. Equivalent Sea-level deglaciation chronology of
the ICE-5G Laurentide from LGM to present-day us-
ing SELEN isostatic model (Spada & Stocchi, 2007).
Since the LGM, Laurentide contributed 84 meters to
sea level rise. For our experiment, we use the Lau-
rentide ICE-5G snap-shot corresponding to about 30
m ESL (occurring at 13 ka), coherent with the total
Late Saalian eustatic sea level. c. ICE-5G Laurentide
ice topography at 13 ka.

Compared to the LGM Laurentide, the el-
evation at 13 ka is reduced by 50%. The
ice sheet does not reach Alaska and does not
extend to the South as much as during the
LGM. This induces a large positive temperature
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Figure 1.24: Impact of a reduced Laurentide on the January Late Saalian climate in the Northern Hemi-
sphere. a. difference (Lau13 - Lau21) in surface air temperature (m), b. difference (Lau13 - Lau21) of
the height of the 500 hPa geopotential (m), c. 500 hPa winds flowlines for simulation Lau21. Split jets are
clearly visible over the Laurentide ice sheet, d. Difference in 500 hPa winds between Lau13 and Lau21.

Lau13 Lau21

Total precipitation 284 303
Snow 271 288
Evap 50 51

Ablation 12 11
SMB 208 221

Table 1.6: Surface mass balance (SMB) values and
components for both simulations Lau13 and Lau21
in kg.m"2.yr"1.

anomaly of ! 8! to 12!C over North Amer-
ica (Figure 1.24a). The different ice topogra-
phies impact on the large scale circulation of
the Northern Hemisphere. Several studies have

shown that during the Northern Hemisphere
glacial winter the jet stream splits into two main
branches (e.g. Kutzbach & Wright, 1985; Rind,
1987; Bromwich et al., 2004) (Figure 1.24c).
The northern branch of the split jet maintains
strong cold air advection over eastern Canada
and the North Atlantic, while cyclones devel-
oping along the southern branch are responsi-
ble for enhanced precipitation along the south-
eastern Laurentide Ice Sheet margin. In Lau13,
the lower elevation causes a reduction in the
January jet streams intensity and slightly mod-
ifies their direction. This increases the anticy-
clonic activity over Eastern Siberia inducing a
negative anomaly of about -4!C (Figure 1.24a).
This cooling also affects the eastern margin of
the Eurasian ice sheet (! -2! to -4!C). The
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changes in elevation also influence the mid-
tropospheric circulation patterns causing a large
positive anomaly in 500 hPa geopotential height
along the southern margin of the Laurentide ice
sheet while a large negative anomaly develops
over the Canadian Arctic and the entire Eurasia
reflecting modifications in the jet stream inten-
sity and direction.

Mean annual surface mass balance of the
Eurasian ice sheet is significantly affected by
the lower Laurentide and induced-changes in
large scale circulation (a bilateral student t-test
was performed with a probability threshold <
0.05%). Compared to Lau21, precipitation is
decreased significantly by 20 kg·m"2·yr"1 due
to the decrease in temperature over the Eastern
part of the ice sheet (Figure 1.24 and Table 1.6).
On the contrary, ablation is similar in both sim-
ulations since no melting is observed in the ref-
erence run Lau21. Mean annual surface mass
balance is consequently lower in Lau13 than in
Lau21 due to a reduction in precipitation over
the Eastern part of the ice sheet.

To conclude, a lower Laurentide, matching the
total Late Saalian eustatic equivalent sea level
used in this work, induces changes in the sur-
face mass balance through decrease in local pre-
cipitation (caused by changes in circulation) but
does not induce more ablation. We prescribed
the LGM Laurentide as first approximation. Here
that a smaller Laurentide significantly reduces
the SMB of the Eurasian ice sheet although this
does not represent a major impact. However, the
impact over Eurasia is important since it causes
a mean annual cooling of about 4!C over the
Eastern Siberia (not shown) with a similar spa-
tial pattern to that occurring in January (Fig-
ure 1.24a) reducing the snow melting during
spring in this area. This might increase the sta-
bility of the Siberian part of the ice sheet which
is an area that remained unglaciated during the
following glaciations of the Weichselian cycle.

Orbital forcings

During the Late Saalian, eccentricity (enhanc-
ing the effect of precession) and obliquity were
larger than during the LGM. In this work we
never tested the impact of orbital parameters
on the Northern Hemisphere climate and on
the surface mass balance of the Late Saalian
Eurasian ice sheet compared to the LGM. We
thus performed one 21-years snap-shot using
LMDZ4 and including all the 140 ka bound-

ary conditions but accounting for the LGM or-
bital parameters (referred as ORBIT21k. The ref-
erence simulation refers to as ORBIT140k) (Ta-
ble 1.1).

The difference in orbital forcings results in
anomalies of the shortwave downward radiation
at the top of the atmosphere: in ORBIT140k, dur-
ing the end of winter, spring and half of the
summer, the Earth receives less radiation induc-
ing a reduction of about 20 W·m"2·yr"1 in the
high latitudes between 50! and 70!N. On the
contrary, the amount of solar radiation during
fall is increased by about 40 W·m"2·yr"1 at the
same latitudes (Figure 1.25). This is also re-
flected by the paleo-climatic season length (Ta-
ble 1.7). When using the LGM orbital parame-
ters (ORBIT21k), winter and fall are longer than
during the Late Saalian (ORBIT140k) whereas
spring and summer are shorter. The main differ-
ence in season length occurs in spring which is
particularly long during the Late Saalian due the
large eccentricity. This contributes to keep a rel-
atively important snow cover until summer, in-
ducing cooler spring and summer temperatures
at high latitudes during the Late Saalian.

Consequently during the Late Saalian sum-
mer, winter temperature are increased by 4!C
over the Arctic Ocean, over Siberia and over
the eastern part of the ice sheet (Figure 1.25a).
On the contrary, summer is colder by about 4!C
over the entire Eurasia and over the ice sheet
when using the Late Saalian astronomical pa-
rameters (Figure 1.25b). This is of the same or-
der than the temperature anomaly induced by
orbital variations during the LGM discussed in
Abe-Ouchi et al. (2007). This increases snow
fall over Siberia especially during summer (Fig-
ure 1.25c and d). During winter, snow fall
is increased by 40% in ORBIT140k over the ice
sheet due to the warmer temperature induced by
the orbital parameters while during summer, the
global cooling causes a reduction in snow fall by
about 40% over the ice sheet (Figure 1.25c and
d).

The surface mass balance (SMB) of the
Eurasian ice sheet is not influenced significantly
by the orbital forcings since even if ablation is
slightly larger than during the full Late Saalian
climate, precipitation are also increased since
summer in ORBIT21k are warmer. Mean annual
SMB also present equals values due to spatial
compensation over the ice sheet.

The Late Saalian orbital configuration at 140
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Figure 1.25: Monthly difference (ORBIT140k - ORBIT21k) in shortwave downward radiation at top of atmo-
sphere in the Northern Hemisphere in W.m"2.yr"1. Black line indicate the band in high latitudes of interest
in this work (50! - 70!N). Climatic anomalies are expressed as the difference (ORBIT140k - ORBIT21k): a.
and b. temperature anomalies for winter (DJF) and summer (JJA), c. and d. mean annual snow fall anomaly
(%)

ka presents large eccentricity and obliquity val-
ues. This impacts on the seasons, highly cooling
spring and summer and influencing the snow ac-

cumulation over continent (Khodri et al., 2005),
especially in Siberia which a particularly sensi-
tive region. However, changes in orbital varia-
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ORBIT21k ORBIT140k

Winter 93 90
Spring 89 97
Summer 90 92
Fall 94 86

Tot. pre. 312 303
Snow 295 288
Evap 57 51
Abl. 17 11
SMB 221 221

Table 1.7: Length (in days) of the paleo-climatic
seasons at 21 ka and 140 ka following the method
of Berger & Loutre (1991). Surface mass balance
(SMB) values and components for both simulations
ORBIT21k and ORBIT140k in kg·m"2·yr"1. “Abl.”
stands for Ablation whereas “Tot. pre.” corresponds
to Total precipitation.

tions do not significantly influence the mean an-
nual surface mass balance. But the combination
between this large eccentricity and precession
might have had a great importance during the
re-advance stage following the ice retreat of 150
ka, strengthening the ice sheet toward 140 ka.

Main conclusions

1- How could the Late Saalian ice sheet grow
so large over Eurasia and remain stable until
! 140 ka and how did it impact on climate at
that time?

Since the Late Saalian Eurasian ice sheet was un-
usually large and extended much more south-
ward than during the LGM, its southern margin
was sensitive to any changes in regional param-
eters.

In this work I have explored, in collabora-
tion with my co-authors of the included arti-
cles, various regional and global factors that may
have an impact on the Late Saalian Eurasian
ice sheet’s existence. We have shown that dust
deposition on snow tends to warm the climate
and increases melting during spring and sum-
mer. Proglacial lakes have an opposite effect
and instead tend to cool the local climate. Since
their surface remains frozen during spring and
open during summer, their low thermal inertia
causes a decrease in temperature which locally
reduces the ablation along the margins. Simu-
lated SST in agreement with the boundary con-

ditions, dust, proglacial lakes and vegetation as
well as the Late Saalian climate are significantly
colder than the LGM SST used as first approx-
imation to force the AGCM simulations. With
the simulated SST, sea-ice cover reaches 40!ąN
in both North Atlantic and North Pacific. This
generates a mean annual Northern Hemisphere
cooling of about 10!C. Reducing the Laurentide
elevation leads to a regional cooling over East-
ern Eurasia due to the northward migration of
the Siberian high during winter which occurs
simultaneously to a lower intensity of the split
jets. All these effects, except that of dust, mainly
influence the amount of snow fall and the melt-
ing season of the continental snow cover which
in turn increases the albedo, cooling the atmo-
sphere (Figure 1.26).

However, the main climatic impact comes
from the orbital forcing through the combination
of a large eccentricity and a favourable preces-
sion angle (Figure 1.25). The 140 ka astronom-
ical configuration decreases the amount of inso-
lation received by the Earth in the high latitudes,
especially during spring and consequently, sub-
stantially reduces the snow cover melting. Com-
pared to LGM one, the orbital configuration of
140 ka should result in cooler springs and sum-
mers which are the two seasons during which
the ice sheet is more subject to ablation. How-
ever, fall occurs at perihelion leading to higher
insolation at this time of the year. Our simu-
lated SST reacted directly to astronomical forc-
ings and as discussed in Paper 3, Khodri et al.
(2005) show that favourable precession induces
a migration of the polar front to South and re-
duces the melting of the sea ice cover during
spring.

From the experiments in this thesis I sug-
gest that the large Late Saalian ice sheet 140
ka results mainly from the orbital configuration
that stopped snow from melting during spring.
This seems to be the main factor that allowed
the Eurasian ice sheet to grow further south-
ward than during LGM. The regional parameters
(proglacial lakes and vegetation) help to this rel-
ative stability since they all cool the Eurasian
climate (Figure 1.26), but they have a more
weaker impact on the growth of the ice sheet
than the orbital forcings. However, once the
Late Saalian Eurasian ice sheet reached its max-
imum extent, we show that its surface mass bal-
ance decreases due to the lack of accumulation
caused by the orbitally-driven global Northern
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Figure 1.26: Synthesis of all the climatic contribution of the factors investigated in this thesis. Top: positive
or negative contributions to the surface mass balance of the Late Saalian Eurasian ice sheet. Purple bars in
the top frame indicate a negligible contribution to the surface mass balance. Bottom: influence on the Late
Saalian Eurasian climate. Numbers in brackets refer to the published or submitted articles presented in this
thesis.

Hemisphere cooling.

2- Was the impact of the ice sheet on at-
mospheric processes similar to during other
glaciations?

In Paper 2 and Paper 3, we compared the im-
pact of the simulated vegetation and prescribed
sea surface conditions on the LGM climate and

Eurasian ice sheet. Krinner et al. (2006) have
shown that dust deposition on snow stopped the
Eurasian ice sheet from growing over Siberia
at the LGM. We have shown that changes in
the vegetation cover affected the Late Saalian
ice sheet more than the LGM. This is because
the Late Saalian ice sheet extended further to
the South and consequently was more sensi-
tive to any variations in the regional parameters
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along the southern margin (more subject to ab-
lation). On the contrary, the LGM Eurasian ice
sheet had a limited southward extent and conse-
quently was not as sensitive as the Late Saalian
to changes occurring over Central Eurasia.

However, in Paper 3, we show that the LGM
Eurasian ice sheet is sensitive to modifications
in the prescribed North Atlantic sea surface con-
ditions since most of its volume is concentrated
along the Atlantic and Arctic Eurasian margins.
The Late Saalian ice sheet is not as sensitive to
the North Atlantic oceanic conditions since most
of its volume is concentrated further eastward
in the Russian and Siberian plains and com-
pensates for the climatic fluctuations occurring
northward.

Finally, during the LGM, eccentricity was less
important than during the glacial maximum of
the Late Saalian but obliquity was quite simi-
lar. The lower LGM Eurasian topography pre-
sented less obstacles to the atmospheric circula-
tion over Eurasia. During the Late Saalian, most
of the westward large-scale circulation coming
towards Eurasia was confined to the Arctic re-
gion while that originating in the North Pacific
was limited to Eastern Siberia.

How could the ice sheet survive the insolation
peak at ! 150 ka?

In Chapter 6, we have explored the entire Late
Saalian period simulating the 140, 150 and 160
ka time-slices. From geological evidences, we
know that the Late Saalian was subdivided into
three substages: two stadials, one before !160
ka, one interstadial !155 ka and the glacial
maximum !143 ka (140 ka is used in the text).
It seems that despite an orbital configuration
that induces a warmer climate in the Northern
Hemisphere, only the southern margin of the
Late Saalian Eurasian ice sheet was affected by
summer ablation at 150 ka. Moreover, since the
Northern Hemisphere climate was warmer, pre-
cipitation was larger than at 140 ka and 160 ka
and the surface ocean showed open water condi-
tions during summer. As a result, accumulation
was larger at 150 ka over the entire Eurasian ice
sheet and this compensated for the strong abla-
tion along the southern margins. Consequently,
it seems that the large Eurasian ice sheet was
able to survive the 150 ka interstadial because of
its large volume and high topography that auto-
generated a regional cooling and because of the
large precipitation rates indirectly caused by the

astronomical forcing.
Following the geological evidence and the re-

sults from Chapter 6, I suggest that the ice sheet
retreat at 150 ka might have been therefore
limited and when orbital forcings turned into
a more glacial configuration at 140 ka, the ice
sheet might have re-advanced a last time but not
until its previous position of 160 ka. In particu-
lar, this re-advance might have been limited by
the lower precipitation rates and moisture fluxes
cancelled by the large southward sea ice cover
resulting from the orbital forcings. However, al-
though lower than at 160 ka, the simulated sur-
face mass balance still remains positive.

Perspectives

With this study I address half of the problem
with my co-authors: the relative maintenance
of the large Eurasian ice sheet during the en-
tire Late Saalian period. However, we do not
investigate how the sheet grew before reaching
its maximum extent at 160 ka. The exploration
of the period prior to 160 ka corresponding to
the beginning of MIS 6 is critical in order to fur-
ther understand why the Late Saalian ice sheet
become so large.

All the simulations have been carried out us-
ing LMDZ4. It would be interesting to perform
key simulations with different AGCM to evalu-
ate the dependence of the results to the type of
model used.

To investigate the climate processes that con-
tributed to the growth of this large Late Saalian
Eurasian ice sheet in depth, it is necessary to use
a fully coupled Atmosphere-Ocean GCM to bet-
ter estimate oceanic conditions that may have
played an important role on the maintenance
and growth of this ice sheet and especially the
ocean heat transport over high latitudes.

It is also necessary to use a thermo-dynamical
ice model such as GRISLI to perform transient
simulations in order to study the dynamics of
the Eurasian ice sheet: from where it started to
grow, how much time is needed to built the ice
sheet, how much time is needed to melt it com-
pletely. It is also necessary to build a Laurentide
ice sheet associated with the simulated climate
to understand if it may have been as large as
during the LGM. These perspectives will be the
object of further investigations in the future.
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