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ABSTRACT

The CLIMBER-GREMLINS model is
an atmosphere—ocean—vegetation—northern
hemisphere ice-sheet model able to simulate
ice-sheet growth in response to the transient
forcings (insolation and CO, changes) of the
period 126-106 kyr BP. In the present ver-
sion of the model, this growth mainly occurs
over North America and reaches an equiva-
lent of 17m in sea-level drop. To quantify
the role of the vegetation, ocean and ice-
sheet feedbacks in this glaciation of North
America, we have conducted sensitivity
experiments in which the feedback of each
of these components is sequentially
switched off. These experiments show that,
in this model. (1) glacial inception does
not occur when vegetation is fixed to its
interglacial state (experiment testing the
response of the atmosphere—ocean—boreal
land—ice system), (2) glacial inception
occurs faster than in the standard experi-
ment when the ocean surface characteristics
(surface temperature and sea ice extent) are
prescribed to their interglacial seasonal
cycle (experiment testing the sensitivity of
the atmosphere—vegetation—boreal land—ice
system), (3) the ice-sheet albedo and altitude
feedbacks are not crucial for starting the

glaciation, but the albedo feedback doubles
the ice volume growth rate, (4) the potential
effect of a reduction in the thermohaline
circulation is tested via an additional experi-
ment in which we have forced it to its “off’
mode. The results show that this mode
favours the fastest land ice growth of all
our experiments.

38.1 INTRODUCTION

The last glacial inception occurred at a time
(ca. 115000 years ago) when the northern
high-latitude summer insolation was close
to a minimum (Berger, 1978; Berger et al., this
volume). The Milankovitch theory (Berger,
1988) relates weak summer insolation
values (typically under a certain threshold)
to cold summers favouring perennial snow
at high latitudes and therefore, eventually,
ice-sheet growth. The study of palaeocli-
matic records has suggested that this rela-
tionship between summer insolation and
northern hemisphere ice-sheet growth fol-
lows many pathways. For instance, on the
one hand, the oceanic temperatures in the
Greenland-Iceland—-Norwegian seas signif-
icantly decrease at around 120 kyr BP, much
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before the minimum in summer insolation
(Cortijo etal., 1999). On the other hand,
vegetation changes, consisting of the south-
ward retreat of the boreal tree line, help
amplify the snow albedo feedback which
is somewhat inhibited in a forest environ-
ment (Sanchez Goni et al., 2005). Numerical
experiments have confirmed that the feed-
backs from the vegetation and the ocean, in
addition to the ice-sheet albedo feedback,
play an important role in amplifying the
initial insolation signal and creating the cli-
matic conditions ideal for ice-sheet growth
(see Vettoretti and Peltier (2004) for a
review). However, at present, there are only
few models in which the feedbacks from all
three of these components can be compared
within a single framework. Here we present
the results from one of these models:
CLIMBER-GREMLINS. This model simu-
lates significant ice-sheet growth over North
America in response to the insolation and
CO; changes occurring between 126 and
106 kyr BP (Kageyama etal., 2004). In the
present paper, we present the results from
three sensitivity experiments designed to
evaluate the feedbacks from ice sheet, vege-
tation and ocean. The fourth sensitivity
experiment was inspired by the evidence
for abrupt climate change as early as
115kyr BP (see for instance NGRIP Project
Members, 2004). One of the possible expla-
nations for these abrupt climate changes
over Greenland is the sudden switch of the
thermohaline circulation from an active
mode (with the formation of deep water in
the North Atlantic and large heat and mass
transport to the North in the Atlantic Ocean)
to a “sluggish’” or ‘off’ mode in which these
nprocesses are nearly stopped. We have not
attempted to mimic each of these events (see
Kubatzki etal., in this volume, for another
approach in the simulation of these events).
Rather, we have forced the thermohaline
circulation (THC) in its off mode (in the
sense of Ganopolski and Rahmstorf 2001)
to examine the maximum effect of an extre-
mely slow THC on northern hemisphere
ice-sheet growth.

38.2 MODEL DESCRIPTION

The CLIMBER-GREMLINS model has been
developed by coupling the atmosphere—
ocean—vegetation = model = CLIMBER2.3
(Petoukhov etal.,, 2000) to the northern
hemisphere ice-sheet model GREMLINS
(GREnoble Model for Land Ice in the north-
ern hemisphere: Ritz etal., 1997). Here we
provide a brief summary of the model char-
acteristics. The atmosphere in CLIMBER2.3
is represented on a coarse grid (seven sec-
tors in longitude and 18 10°-wide latitudinal
bands) by a statistical-dynamical model
which includes a description of the atmo-
spheric hydrological cycle (moisture trans-
port by the mean circulation and transport
by mid-latitude eddies which is parame-
terised). The ocean is described by three
latitude—depth basins for the Atlantic,
Indian and Pacific oceans. The vegetation
is described by two vegetation types: grass
and trees, and provides a simple representa-
tion of the modulation of the snow albedo
by vegetation.

The ice-sheet model GREMLINS is a three-
dimensional thermomechanical model for
grounded ice, which is forced by temperature
and mass balance fields at its surface. In the
present version of the model, the ablation is
computed from the mean annual and
summer surface temperatures via a positive-
degree-day method. Therefore, the forcing
fields for GREMLINS are the annual and
summer temperatures and annual snowfall.
GREMLINS distinguishes three surface
types: ice sheets, ice-free land and ocean.
Grid points are attributed to the ocean sur-
face type if they are not covered by ice
sheets and if the altitude of the grid point
is below sea level, which is given to the
model as an input.

In all the experiments presented here, the
climate and ice-sheet models exchange
information every 200 years. A downscaling
procedure (described in Kageyama etal.,
2004; Charbit etal., 2005) has been devel-
oped in order to transfer the results from
the CLIMBER coarse atmosphere to the fine
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grid (45km x 45km) of GREMLINS. This
procedure is based on the calculation, in
the atmosphere component of CLIMBER,
of the surface radiative balance on 15 differ-
ent levels, as if they were the grid box level.
These levels are regularly spaced every
300 m between 0 and 4200 m. Thus, within
each CLIMBER grid box, we obtain the sur-
face temperatures for 15 different altitudes.
The total precipitation vertical profiles are
computed accounting for the free atmo-
sphere temperature vertical profiles com-
puted in CLIMBER, and snowfall is
obtained on the 15 vertical levels as a frac-
tion of the total precipitation which is itself a
function of the temperature at these 15 dif-
ferent levels. Furthermore, these calcula-
tions are performed for each CLIMBER
surface type (ocean, sea ice, ice sheets, for-
ests, grassland and desert) and averaged
over the three surface types of GREMLINS
(ocean, ice-free land and ice sheets). The
mean annual and summer temperatures, as
well as the annual accumulation, are then
computed on the GREMLINS grid by tri-
linear interpolation and serve as forcing for
GREMLINS. In turn, GREMLINS com-
putes the fraction of ocean, land ice and
ice-free land as well as the altitude over
the continents, which are given back to
CLIMBER as new boundary conditions.
Thus, the altitude of the ice sheet is taken
into account in two different ways in the
model. The effect of the altitude on the
atmospheric dynamics is computed using
the average altitude of each grid box in
CLIMBER. The dependence of tempera-
ture and snowfall on altitude is taken into
account via our downscaling procedure
and the calculation of these fields on the
15 vertical levels defined above. In our
sensitivity experiments, when we refer to
the altitude feedback of the ice sheet on
the climate, we have only isolated the first
effect (effect of the altitude on the atmo-
spheric dynamics), not the second one.

In the present version, this model has
some shortcomings which are currently
being corrected. As far as the glacial

inception is concerned, it does not simulate
a fast enough ice-sheet growth, probably
partly because no inception occurs, even
after 115kyr BP, over Fennoscandia. How-
ever, ice growth over North America is sub-
stantial, which provides the opportunity to
study the role of the feedbacks from the
different components of the climate system
during the glacial inception.

38.3 EXPERIMENTAL DESIGN

In the standard experiment (STD), the
model is simply forced by the evolving inso-
lation from 126 to 106 kyr BP (Berger, 1978;
Berger et al., this volume, Fig. 5) and the CO,
concentration measured in the Vostok ice
core (Petit efal., 1999), which fluctuates
between 260 and 280ppm from 126 to
112kyr BP and decreases from 260 to
230 ppm from 112 to 106 kyr BP. Further-
more, the northern ice-sheet model is forced
by the time-dependent sea-level values
from Bassinot etal. (1994). For simplicity of
the experimental design, the initial ice-sheet
and bedrock altitudes are set to their present
values: the only ice sheet in the domain is
Greenland. This is a simplification in the
sense that the Greenland ice sheet is known
to have been smaller than present during the
Eemian. However, its extent and volume are
not very well constrained (see for instance
Cuffey and Marshall, 2000). In the experi-
ments presented here, the ice-sheet model
adjusts to the Eemian external forcings
within the first thousand years of the experi-
ment (Kageyama etal., 2004). The climatic
(atmosphere—ocean—vegetation) initial state
is in equilibrium with this ice-sheet distribu-
tion and 126 kyr BP insolation and CO,. In
particular, the THC is its active mode, with a
maximum overturning at around 20 Sv.
From this STD experiment, four sensitiv-
ity experiments have been conducted,
which are summarised in Table 38.1. In the
tirst one (125VEG), the vegetation is fixed to
its 125 kyr value, consisting of extensive for-
ests over northern North America. The
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Table 38.1 Summary of the numerical experiments used in the present study

Experiment Atmosphere Ocean and sea ice Vegetation NH ice sheets
STD Interactive Interactive Interactive Interactive
125VEG Interactive Interactive Fixed to 125kyr Interactive
BP value
122ICE Interactive  Interactive Interactive Fixed to 122 kyr BP value.
Ice sheet model then used
as a diagnostic
1250CN Interactive ~ Seasonal cycle of ocean and Interactive Interactive
sea ice characteristics fixed
to 125 kyr BP values
THCoff Interactive Interactive, but with thermo-  Interactive Interactive

haline circulation in off

mode

The atmosphere, ocean, sea ice and vegetation models are the components of the CLIMBER2.3 model. The northern hemisphere ice-sheet
model is the GREMLINS (GREnoble Model for Land Ice in the Northern hemisphere) model.

atmosphere, ocean, sea ice and ice sheets are
interactive. In the second one (122ICE), the
ice-sheet feedback is inhibited from 122 kyr
BP onwards: from this date, the
ice-sheet extent and thickness and land-
sea distribution computed by GREMLINS
are not transferred to the CLIMBER model,
which is forced, until the end of the run, by
the 122kyr BP values (i.e. minimal ice
sheets) of these variables. The extent and
volume of the Greenland ice sheet at this
stage of the simulation are in broad
agreement with reconstructions (see for
instance Tarasov and Peltier, 2003). On the
other hand, GREMLINS is still forced by the
climatic output from CLIMBER in order to
evaluate the strength of the ice-sheet feed-
back. All three of these experiments have
been analysed by Kageyama et al. (2004).

To investigate the role of the ocean, we
have performed a third and fourth sensitiv-
ity run. The third sensitivity experiment
(1250CN) mimics the approach we fol-
lowed to study the role of the vegetation:
the ocean and sea ice models are discon-
nected from the earth system model from
125 kyr BP onwards, and from this date the
atmosphere—vegetation—ice-sheet model is
forced by the 125kyr BP sea-surface tem-
perature and sea ice cover seasonal cycle.
This experimental design has two main con-
sequences: (1) The ocean and sea ice cannot
react anymore to changes in incoming

insolation and do not play any role in the
system equilibration to the evolving incom-
ing insolation and changing CO,; (2) From
125kyr BP onwards, the northern SSTs in
summer are warmer and sea ice extent smal-
ler than if they had been computed, with a
maximum difference at 115kyr BP. The dif-
ference in winter SSTs is not as large since
winter insolation at high latitudes is very
small anyway.

The fourth sensitivity experiment
(THCoff) lets the ocean and sea ice adjust
to the evolving incoming insolation but with
the constraint of the THC being in its “off’
mode. This state has been obtained by
imposing a permanent 0.06Sv freshwater
flux to the north Atlantic ocean in the fash-
ion of Ganopolski and Rahmstorf (2001)’s
northern North Atlantic scenario (i.e.
between 50 and 70°N). In the present case,
we obtain an ‘off’ mode in which the THC is
completely shut down, rather than a slow
mode which can be obtained by perturbing
a glacial state. In the palaeorecords, there is
some evidence for THC instabilities as early
as 110 kyr BP (Lehman et al., 2002), but these
are short-lived compared to the duration of
our experiments. However, they could have
a important impact on ice-sheet growth by
modifying the northern high-latitude cli-
mate and therefore the possibilities of ice
sheet growth. The THCoff experiment is a
simple experiment which is not intended to



Mechanisms Leading to the Last Glacial Inception

be realistic but is designed to test the sensi-
tivity of ice-sheet growth to the state of the
THC in a drastic (and exaggerated) scenario.

38.4 COMPARISON OF THE
SIMULATED ICE-SHEET
EVOLUTIONS

The evolutions of the volume (upper panels)
and area (lower panels) of land ice over
North America in each experiment is shown
in Fig. 38.1 as a function of time (left panels)
and of June-July—August average insola-
tion (right panels). In the STD experiment,
inception occurs at 121 kyr BP, and the gla-
ciated area (Fig. 38.1, lower left panel, black
curve) increases steeply to reach 3.5 million
km® in 3.5kyr. From 117.5kyr BP, the ice-
sheet area increases slowly and levels at the

North America

577

value of 4.5 million km? in the last two to
three thousand years of the simulation. In
terms of land—ice area, the inception is
therefore fast and concomitant with the
large decrease in insolation, which is at its
minimum at ~114.4kyr BP. In terms of
volume, the inception is more gradual but
also reaches an apparent equilibrium dur-
ing the last thousands of years of the simu-
lation (Fig. 38.1, upper left panel, black
curve). In fact, the ice-sheet extent and
volume increase as long as the summer
insolation decreases (Fig. 38.1, right panels,
black curves), but do not decrease when the
June-July-August insolation increases, from
114.4 kyr BP onwards. Rather, their growth
rate drastically decreases and reaches zero
by the last thousand years of the simulation.

The importance of the ice-sheet feedback
suggested by this result is further shown
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Fig. 38.1 (top left) Evolution of the ice-sheet volume covering North America in all the simulations: STD
(black), 125VEG (green), 1250CN (blue), 122ICE (cyan), THCoff (red); (bottom left) same for the ice-sheet
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by the 122ICE sensitivity experiment (Fig.
38.1, cyan curve). In this experiment, the
atmosphere—ocean—vegetation model does
not ‘know’” about the inception over North
America. As a result, the glaciated area and
volume, computed off-line, increase
smoothly from 121 to 110kyr BP and then
react to the increase in summer insolation.
Despite the increase of summer snow cover
from the beginning of the run, with a sum-
mer snow fraction of 20 to 25% at 75°N, to
115 kyr BP, with a summer snow fraction of
55% in the same latitude band, the summer
albedo increase is much smaller than in the
STD run, in which summer snow fraction
equals 100% at 75 °N at 115 kyr BP. The snow
albedo feedback alone is therefore not
strong enough, in our model, to initiate a
significant ice sheet, in terms of both
volume and area of land—ice. In the 122ICE
experiment, the ice-sheet extent, with a
maximum of 3 million km?, is always smal-
ler than the corresponding STD value. The
ice-sheet feedback (and not only the snow
albedo feedback) is therefore important in
determining the ice-sheet growth rate, max-
imum ice-sheet area and volume, and as a
consequence, the delay of the ice-sheet
response to the evolving external forcings.
The influence of vegetation in simulating
a glacial inception with our model is crucial
(experiment 125VEG, Fig. 38.1, green
curves). When vegetation is prescribed to
its interglacial value, the glaciated area only
reaches 1 million km?, and the ice-sheet
volume is negligible compared to the results
of the other simulations. To disentangle the
role of the vegetation from that of the ice
sheets, we have conducted experiments
equivalent to 125VEG and STD, but without
any coupling to the ice-sheet model. In the
latter experiment, the summer surface air
temperature over northern North America
is up to 2.4°C cooler than in the experiment
with fixed vegetation, with a surface albedo
up to 0.12 larger and a summer snow frac-
tion up to 0.18 larger. Once coupled to the
ice-sheet model, this temperature difference
translates into a positive snow mass balance

and therefore inception over northern North
America for the experiment with interactive
vegetation. Without the transition from for-
est to grass over northern North America, the
summer albedo is not high enough and the
summer temperature does not decrease
enough to allow for a positive snow mass
balance over these regions and inception
does not occur. The ice-sheet feedback
further amplifies the difference between the
experiments with interactive vegetation and
with fixed vegetation.

Although designed in a very different
fashion, both experiments testing the role
of the ocean result in a much larger gla-
ciated area than in STD. In the case of
1250CN, the inception occurs 1.5 kyr earlier
than in STD, and the continental ice area
grows very fast until 120kyr BP, reaching
4.5 million km? at that time. It then increases
smoothly to reach more than 6 million km?
by the end of the run. The ice area and
volume in this simulation are therefore lar-
ger than in STD for the whole simulated
period. This is unexpected: prescribing
warm summer SSTs and less extensive sea
ice in the mid- and high northern latitudes
could have resulted in warmer tempera-
tures over land as well. This is not what is
observed in this experiment. As summer
insolation decreases, summer temperature
over land and over Arctic sea ice decreases
more than in the STD experiment. This is
also the case when we compare two equiva-
lent experiments in which the ice-sheet
model is not coupled to CLIMBER2.3, show-
ing that this over-reaction of the land and
sea ice surfaces to insolation changes
when the surface ocean is prescribed com-
pared to the interactive ocean case occurs
primarily in the atmosphere—ocean—vegeta-
tion model. In the prescribed SST and sea ice
area experiment, the atmosphere appears to
compensate for the fact that the SSTs cannot
adjust to the insolation changes, by being
colder than in the STD experiment in
summer and warmer in winter. A direct
result of these colder land temperatures is
decreased ablation and therefore faster ice-
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sheet growth. Also, more precipitation falls
as snow, increasing the ice-sheet growth
rate. Lastly, in summer, the equator-to-pole
temperature gradient is reinforced in
1250CN, which results in slightly amplified
heat and moisture transport to high lati-
tudes. However, the corresponding total pre-
cipitation changes are rather small when
compared to the annual snow fall increase.
Therefore, it is the local temperature decrease
over land and sea ice, in 1250CN, compared
to STD that is primarily responsible for faster
ice-sheet growth, and not accumulation
changes due to increased moisture fluxes.

In the experiment in which we constrain
the THC in its ‘off'-mode, the ice-sheet
growth is even faster than in the previous
experiment: glaciation starts earlier, at
124 kyr BP, the fast growth phase ends at
121 kyr BP with an area of 5 million km?,
followed by a slower growth phase until the
end of the simulation. The growth rate dur-
ing this second phase is constant and much
larger than in any other simulation. The
final area is more than 8 million km?. In this
run, the SSTs are free to adjust to the evol-
ving external forcings, with the constraint of
the THC being in its off mode. The resulting
climate over both land and ocean at high
latitude is very cold, both in summer and
in winter. The largest climate differences
compared to STD are in the mid-latitudes
(not shown), which corresponds to the reac-
tion to the THC documented in Ganopolski
and Rahmstorf (2001). This suggests that as
soon as the THC slows down, the ice-sheet
growth can be much faster because of a
decrease in ablation, and an increased accu-
mulation related to larger precipitation, of
which a larger fraction falls as snow because
of the lower temperatures. The increase in
precipitation could itself be related to an
increase in mid-latitude northward moisture
fluxes, simulated both in summer and in
winter in the 40 to 60°N latitude band. Thus,
periods of slow THC, which have been docu-
mented for the last inception (Lehman etal.,
2002), will therefore be included in more rea-
listic experiments in the future.

The final distribution of glaciated areas in
STD is shown on the top graph of Fig. 38.2.
The southern tip of the Greenland ice
sheet has melted as a result of the inter-
glacial high summer insolation values and
has not recovered by the end of the simu-
lation. Inception has occurred over Alaska,
the Canadian Rockies, the western Cana-
dian plains and the Canadian Archipelago.
This distribution is not accurate but could
be a result of our rather crude horizontal
interpolation of the CLIMBER results onto
the GREMLINS grid. Here, the final dis-
tribution of the ice sheets in the different
runs is given for the purpose of comparing
the experiments. In all of them, inception
occurs over the Canadian Rockies, because
of the altitude effect on temperatures and
relatively high precipitation there, which is
related to our bilinear interpolation of pre-
cipitation fields onto the GREMLINS grid.
For an inception to occur over the Cana-
dian archipelago, both the ice-sheet and
vegetation feedbacks are needed, as shown
by the 125VEG and 122ICE experiments.
The inception occurs separately over this
area and on the western Canadian plains,
where inception starts afterwards.

In the case of 1250CN and THCoff runs,
the final North American ice sheet extends
from Hudson Bay to Alaska. The southern
tip of Greenland is ice-covered, and so is
eastern Siberia. In our model, as long as Hud-
son Bay is below sea level in the ice-sheet
model, the computed mass balance over this
area is based on CLIMBER's results over the
corresponding ocean (see section 2), which
induce relatively high values of ablation over
this area. Moreover, the ice-sheet model does
not include any representation of ice shelves
which could help getting a glacial inception
over this region. The glaciation over Alaska
and Siberia could be related to each other, in
the sense that when an ice sheet develops
over Alaska, the surrounding region gets
colder, which results in an ice sheet growing
over Siberia. Specific experiments exploring
the climate—cryosphere dynamics over this
region are currently being analysed.
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Fig. 38.2 Ice-sheet thickness (in m) at the end of the STD and sensitivity experiments.

38.5 DISCUSSION
AND PERSPECTIVES

The CLIMBER-GREMLINS model, in its pre-
sent version, is able to simulate significant
land ice over North America as a result of
the variations in incoming insolation and

COs,. Even if the location and size of the ice
sheets are far from being perfect, such a
model, which includes the atmosphere, the
ocean, the vegetation and the northern hemi-
sphere ice sheets, allows for a comparison,
within a single framework, of the role of each
of these components in the last glacial
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inception. Our sensitivity experiments show
that both vegetation and ice-sheet feedbacks
are essential to simulate significant ice-sheet
growth. The role of the ocean is more ambig-
uous. The experiment in which SSTs and sea
ice are prescribed to their 125 kyr BP seasonal
cycle shows that glaciation can occur even
when summer SSTs are warm. This, how-
ever, could be an artefact of the experimental
design, which forces the model to adjust to
the decreasing incoming insolation by
decreasing the temperature over land, which
is logical since ocean temperatures cannot be
adjusted in this experiment. Whether the
same behaviour occurs in other models, and
in particular in general circulation models,
remains to be investigated. The second
experiment testing the role of the ocean
shows that if SSTs are allowed to adjust, but
with an ‘off’-mode THC, ice-sheet growth is
even faster. This experiment, in which the
THC has been switched off during the whole
duration of the run, is unrealistic, but there is
evidence of some periods of abrupt THC
variations within the inception that would
be worth being investigated.

Current and future work on our model
includes developing a new downscaling
procedure to account for precipitation redis-
tribution as a function of topography and
land—sea mask. This appears to be essential
to correct the locations of glacial inception
and could be crucial to simulate a glaciation
over Fennoscandia. In the present version,
our model results are different from those
obtained at PIK (Calov etal., 2005a, 2005b).
A comparison between our ice-sheet models
and coupling procedure would be very
informative about the dominant processes
leading to glacial inception.
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