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Abstract. Ice cores provide unique archives of past cli- As a second point relevant for future climate change,
mate and environmental changes based only on physical prawe discuss the magnitude and rate of change of past tem-
cesses. Quantitative temperature reconstructions are esseperatures reconstructed from Greenland (NorthGRIP) and
tial for the comparison between ice core records and climatéAntarctic (Dome C) ice cores. Past episodes of tempera-
models. We give an overview of the methods that have beernures above the present-day values by up’t® are recorded
developed to reconstruct past local temperatures from deept both locations during the penultimate interglacial period.
ice cores and highlight several points that are relevant for fu-The rate of polar warming simulated by coupled climate
ture climate change. models forced by a C&increase of 1% per year is compared
We first analyse the long term fluctuations of tempera-to ice-core-based temperature reconstructions. In Antarc-
ture as depicted in the long Antarctic record from EPICA tica, the CQ-induced warming lies clearly beyond the nat-
Dome C. The long term imprint of obliquity changes in the ural rhythm of temperature fluctuations. In Greenland, the
EPICA Dome C record is highlighted and compared to simu-COz-induced warming is as fast or faster than the most rapid
lations conducted with the ECBILT-CLIO intermediate com- temperature shifts of the last ice age. The magnitude of po-
plexity climate model. We discuss the comparison betweerlar temperature change in response to a quadrupling of at-
the current interglacial period and the long interglacial corre-mospheric C@ is comparable to the magnitude of the po-
sponding to marine isotopic stage 1400 kyr BP. Previous lar temperature change from the Last Glacial Maximum to
studies had focused on the role of precession and the thresipresent-day. When forced by prescribed changes in ice sheet
olds required to induce glacial inceptions. We suggest thatfeconstructions and Ghanges, climate models systemati-
due to the low eccentricity configuration of MIS 11 and the cally underestimate the glacial-interglacial polar temperature
Holocene, the effect of precession on the incoming solar rachange.
diation is damped and that changes in obliquity must be taken
into account. The EPICA Dome C alignment of terminations
I and VI published in 2004 corresponds to a phasing of the1 |ntroduction
obliquity signals. A conjunction of low obliquity and min-
imum northern hemisphere summer insolation is not foundThe polar regions play a key role in the global climate sys-
in the next tens of thousand years, supporting the idea of atem. They represent the “cold points” where the local net

unusually long interglacial ahead. radiative loss is partly compensated by the ocean and atmo-
sphere heat (and moisture) transports. The polar oceans are
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(valerie.masson@cea.fr) tion of surface cold and dense waters. Changes in sea-ice
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Fig. 1. Maps of Greenland and Antarctica showing first and most recent deep ice core sites. For each drilling site are indicated the name of
the deep drilling, the year of drilling completion, the final depth and an estimate of the length of the recovered climate and environmental
records.

have been showed to have impacts on the formation of theseirculation (Kohler et al., 2005) and the soil carbon storage
deep and salty waters, but also to influence the hemispherim permafrost areas (Davidson and Janssens, 2006). Today,
atmospheric circulation (Dethloff et al., 2006; Yuan and Mar- some areas of the polar regions experience the largest ob-
tinson 2000; Chiang and Bitz, 2005). Atmospheric circula- served warming over the instrumental records (IPCC, 2001).
tion has been shown to link polar locations with other lati- There is therefore a strong interest to obtain past temperature
tudes (Liu et al., 2004; Marshall et al., 2001) and southernreconstructions from these polar regions.

latitudes (Guo et al., 2004; Yuan, 2004; Turner, 2004). Sev-

eral processes at play in polar regions are involved in climate The Greenland and Antarctic polar ice sheets represent
feedbacks: dynamical transport effects; atmospheric conterit70% of the freshwater on Earth. Because of their volume
of water vapour (Solomon, 2006); polar cloud cover; surfaceand time constants, these ice sheets are the slow components
snow and ice albedo; sea-ice extent (Holland and Bitz, 2003)0f the climate system. Itis for instance suggested that the av-
Polar regions north and south are also involved in the car£rage age of ice inside the Greenland ice sheetd24yrs

bon cycle via the role of the southern ocean and deep oceatiespectively, 12&5kyrs and 44-3kyrs for the East and
West Antarctic ice sheets) (Lhomme et al., 2005). Huge
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uncertainties remain on their vulnerability to future climate In this paper, we focus on past temperature changes from
changes, and therefore on their contribution to the ocean wathe longest ice core temperature records recently made avail-
ter budget and to the global sea-level changes on time scaleable: the EPICA Dome C ice core, drilled at°% in
of centuries to millennia (Alley et al., 2005). On the cen- central East Antarctica (EPICA-community-members, 2004)
tral parts of the Greenland and Antarctic ice sheets, the slovand the NorthGRIP ice core drilled at 7N in Green-
burial of successive snowfall preserved under cold conditiondand (NorthGRIP-community-members, 2004), which re-
(typically annual mean temperatures80°C at the summit  spectively extend the unperturbed ice core climate records
of the Greenland ice cap, belows(*C on the East Antarc- back to 740 and 123 kyrs (Figs. 1 to 3). In Sect. 2, we present
tic plateau above 3000 m elevation) provides archives of pastne methods used to extract temperature signals from deep
climate and environment. Ice cores are usually described ake cores and the climate simulations used in the next sec-
unigue paleoclimate archives because they provide informations. Section 3 is dedicated to the long term EPICA record
tion not only on past local changes (temperature, accumulaand its relationship with the orbital parameters of the Earth.
tion) but also relevant for other areas (e.g. aerosol content ofVe discuss the specific imprint of obliquity variations on
the atmosphere) (Wolff, 2006) and even at the global scaléAntarctic temperature changes, as well as the comparison be-
(greenhouse gases preserved in the air trapped in the icéyveen the current interglacial period and an older long inter-
(Siengenthaler et al., 2005; Spahni et al., 2005, and referglacial period (marine isotopic stage MIS13400 ka BP),
ences herein). Ice cores are also unique in so far as thewhich was suggested to be an “orbital analogue (Berger and
provide past temperature reconstructions based on physicéloutre, 2002). In Sect. 4, we review the orders of magni-
processes, differing from many other paleoclimatic archivestude and pacing of surface air temperature changes recon-
that involve biological processes. structed from Antarctic and Greenland ice core estimates.
Today, three different methods are available to assess pa$ve finally compare the magnitude and rate of change of polar
polar temperature changes. (i) The stable isotopic compositemperature change simulated by coupled ocean-atmosphere
tion of water molecules is classically used to estimate contindmodels in response to increased£€vels (simulations con-
uously past temperature changes, because the degree of didacted for the Fourth Assessment Report of the Intergovern-
tillation of an air mass, and therefore the final loss of heavymental Panel for Climate Change) with those simulated un-
water molecules, is at first order controlled by its cooling der Last Glacial Maximum boundary conditions (simulations
(Dansgaard, 1964). (ii) Owing to the diffusion of heat from conducted for the Paleoclimate Modelling Intercomparison
the surface to the depth of the ice sheets, partial imprintdProject) and with the reconstructions.
of past temperature changes can be found in the tempera-
ture profiles of boreholes (Dahl-Jensen and Johnsen, 1986;
Dahl-Jensen et al., 1998). The dating of the ice cores pro2 Methods
vides an independent assessment of these temperature re-
constructions, through the relationship linking polar atmo-2.1 Temperature reconstructions from deep ice core sites
spheric temperatures and the atmospheric moisture holding
capacity (Parrenin et al., 2001). (iii) When abrupt temper-2.1.1 Methods based on stable water isotopes
ature changes occur, a molecular diffusion of gas inside the
firn occurs until temperature diffusion restores a stable depthiPast temperature changes have originally been quantified
temperature gradient in the upper part of the ice sheets (Sevrom the stable isotope composition of water in ice cores
eringhaus et al., 1998; Landais et al., 2004). This thermalsD or §180) which is measured continuously on deep ice
gas diffusion process allows an estimation of rapid temper-cores with high precision using mass spectrometers (respec-
ature changes based on the past fluctuations of the isotopiively 0.5 and 0.05). Empirically, it has long been observed
composition of gases which are considered as constant in théhat the isotopic content of surface snow is linearly related to
atmospheres® N, 5§4CAr). Because our methods are based the surface temperature (Dansgaard, 1964; Lorius and Mer-
on relatively well understood physical processes, models ofivat, 1977). Isotopic models following the distillation of
atmospheric circulation and isotopic or firn physics can beair masses along an idealised trajectory are used to disentan-
used to assess the uncertainties of the temperature estimatgle the processes involved in the spatial isotope-temperature
(Jouzel et al., 1997, 2003; Werner et al., 2001; Landais et al.slope. Evaporation fractionation depending on surface condi-
2004). Quantitative temperature reconstructions from deepions (sea surface temperature, relative humidity, wind speed)
ice cores offer the possibility to analyse the relationships be-controls the isotopic composition of the atmospheric water
tween polar temperature changes and climate forcings, andapour (Ciais and Jouzel, 1994). Along the air mass trajec-
discuss past climate sensitivity (Genthon et al., 1987). Theyory, an isolated air parcel undergoes a progressive cooling.
also offer the possibility to test the local response of climateThe fractionation taking place during condensation induces a
models to prescribed forcings and to compare the magnitud@rogressive loss of heavy isotopes in the water vapour from
and pacing of past climate changes, with those that wouldhe source areas to the coldest places. As a result of this at-
result from increased atmospheric £lBvels. mospheric distillation, the main control of the polar regions
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isotopic composition is the difference between the source andCuffey and Vimeux, 2001; Stenni et al., 2003, 2001). How-
site temperatures. ever, because the full deuterium excess profile is not avail-
Past changes in evaporation conditions or atmospheri@ble yet for EPICA Dome C ice core, we use the classical
transport may induce biases on the temperature reconstru¢emperature reconstruction method and a maximum 30% un-
tions based oD or §180. In principle, the main control certainty on the reconstructed temperature.
on the isotopic composition of snowfall is not the surface The next sections rely on the temperature changes recon-
temperature but the temperature at the height of condenssstructed at Dome C, which are extremely similar to those de-
tion. It is often assumed that, in central Antarctica, the con-rived from other inland East Antarctica drilling sites such as
densation temperature is similar to the temperature in the/ostok or Dome Fuji (Watanabe et al., 2003). Figure 3 dis-
inversion layer, and is linearly related to the surface tem-plays this profile on its published EDC2 age scale (EPICA-
perature. In principle, such a hypothesis should not applycommunity-members, 2004) as well as on a preliminary
for coastal Antarctica or Greenland where convective activ-age scale where the precession signature on the EPICA air
ity occurs at least episodically. Therefore, changes in the’*®Oam, a marker of global ice volume and productivity,
the vertical temperature profiles may also alter past temper(Bender et al., 1985) has been used to improve the dating
ature reconstructions. Obviously, the isotopic compositionof MIS13 to MIS15 (Dreyfus et al., 2085 For this time
of ice only records past temperatures when snowfall occursperiod, this revised age scale is in better agreement with the
changes in the seasonality of precipitation may also inducelating of marine records (Liesicki and Raymo, 2005) and
biases on temperature reconstructions (Krinner et al., 1997)preserves over the oldest section the CO2-deuterium phase
Finally, it has been suggested that post deposition effects malags observed over the past climatic cycles (Siengenthaler et
alter the isotopic composition of snowfall in very dry places al., 2005). We estimate a 20% uncertainty associated with
(Neumann et al., 2005). the glaciological age scale (Parrenin, 2§)06n the duration
Some artefact sources can be quantified based on simul®f selected climatic changes (back to MIS11) discussed in
tions conducted with atmospheric general circulation mod-Sect. 3 in terms of pacing of temperature changes.
els equipped to explicitly calculate the different stable iso- . )
topes of water (Joussaume et al., 1984). Simulations of the-1.3 Continuous temperature reconstruction for Green-
Last Glacial Maximum, 21000 years ago, were performed land

by such iso-AGCMs (Werner et al., 2001). The situation is more contrasted for central Greenland, where

atmospheric general circulation models simulate a much
larger glacial precipitation decrease in winter than in sum-
mer, resulting in a change of the precipitation-weighted tem-
It has been showed that, in central east Antarctica, the rePerature and annual mean snowfall isotopic composition
lationship between surface snow and temperature observed(rinner etal., 1997; Krinner and Werner, 2003). This sea-
today remains valid for the LGM (Jouzel et al., 2003). The §onallty gffect leadsto a drame}tlc underestlmatlon of glacial-
validity of this method is also verified from the dating of Interglacial temperature magnitude when using only the sta-

the deep ice cores, which uses a modelling of the relationP!€ iSotopic composition of snow as proxy (Jouzel et al.,

ship between stable isotopes, temperature and accumulati i )
together with flow models to provide the age scale of the In central Greenland, the inversion of the borehole temper-
ice cores. Inverse dating methods applied for several cendture profile allows an assessment of the magnitude of Green-

tral east Antarctic deep ice cores have confirmed the valig/and temperature changes during the past decades, centuries,

ity of the isotope-based reconstructions within 20 to 30%Maximum warmth in the Holocene, and LGM cooling (Dahl-

(EPICA-community-members, 2004; Parrenin et al., 2001,Jensen et al., 1998; Cuffey et al., 1992). This method shows
2004; Watanabe et al., 2003). that the glacial to Holocene isotope-temperature slope is

twice as small (0.33180 per°C) as today’s spatial isotope-
temperature slope (0.6280 per°C).

2.1.2 Continuous temperature reconstruction for Antarc-
tica

In the rest of this paper, the Antarctic temperature re-
constructions will be discussed based on the contindd@us
profile measured on EPICA Dome C ice core (Fig. 3), cor- Another paleotemperature method has been developed

rected for the global seawater isotopic composition (BintanjaSPecifically for quantifying abrupt temperature changes in
et al., 2005; Liesicki and Raymo, 2005) and transferred tOGreenIand. In the case of an abrupt temperature change,

past temperatures using the observed spatial slope of 6.0tjﬂe firn undergoes a tran_sient temperatgre gradient until the
per°C (Delmotte, 1997; Lorius and Merlivat, 1977). More d'lffus[on of temperature into snow and ice erases the tran-
sophisticated methods have been applied for east Antarctigi €Nt imbalance. Under a vertical temperature gradient, the
sites taking advantage of the combined measuremedtd of 1Dreyfus, G., Parrenin, F., Lemieux, B., et al: An optimal
and 180 of the same samples, using the deuterium excesghronology for the EPICA Dome C ice core over MIS 11-15 us-
parameter (d8D—85180) in order to correct past tempera- ing the isotopic composition of trapped air, in preparation, 2006.
ture reconstructions from changes in evaporation conditions 2 Parrenin, F.: in preparation, 2006.
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gases present inside the firn (which can be seen as a porou
medium) undergo a thermal fractionation, with the heaviest
species being concentrated at the coldest end. The analysis ¢
species whose isotopic ratios are constant in the atmospher
over hundreds of thousands of years, such*8r or §1°N,
can be combined with firn modelling to provide estimates of 0¥ s pos DO21 D24 E
past abrupt temperature changes. This method, initially de- ig o J
veloped by (Severinghaus et al., 1998), has been applied tc S WMM;‘W _5'40
several rapid events in various Greenland ice cores (GISP2 g ' :
GRIP and NorthGRIP) such as abrupt temperature change:
during the last deglaciation, (Severinghaus and Brook, 1999)
and series of Dansgaard-Oeschger events (Huber et al., 200¢
Landais et al., 2004, 2005; Lang et al., 1999) and one evenl
in Antarctic2. The method has revealed that the temporal
temperature-isotope slope was again about twice as small a
the spatial isotope-temperature slope during abrupt events E P
characterised by amplitudes ranging between 8 t@3F€ e e e e O
(see Fig. 2).
In order to assess the magnltud_e of Green!and temperaturlg,lg_ 2. NorthGRIP$180 profile together with gas fractionation es-
changes continuously, together with the pacing of their fIUC'timates of rapid temperature changes during rapid events. After

tuations, we have used the GRIP ice core temperature recofigasson-Delmotte et al. (2005) with original data from NorthGRIP-
struction pUbIlShed in Masson-Delmotte et al. (2005) ThiScommuni’[y-members (2004)’ Huber et al. (2006), Landais et
method uses the borehole and gas fractionation constraints tgl. (2004); Severinghaus et al. (1998, 2003); Severinghaus and
model changes in seasonality and reconstruct continuousl@rook (1999); Grachev and Severinghaus (2003). JJAN/ -
past temperature changes from water stable isotope profilesplation (orange line) is calculated after Berger and Loutre (1991).
without however explicit correction for ice sheet elevation The global sea-level reconstruction (blue line) is from Waelbroeck
changes (Cuffey and Clow, 1997). Using the NorthGRIP €tal- (2002).
ice core record, we have therefore complemented the GRIP
temperature reconstruction back to 123000 years using thigMasson-Delmotte et al., 2005). This method leads to tem-
simple change of slopes, after correction for seawater isoperature changes consistent with borehole and gas fraction-
topic composition (Liesicki and Raymo, 2005; Bintanja et ation paleothermometry. We have used the ss09sea Green-
al., 2005). Pieces of ice identified in the bottom sections ofland age scale (Johnsen et al., 2001), again associated with
GRIP and GIPS2 to be from MIS5e by comparison of their a ~20% uncertainty in the duration of climatic events dis-
air composition with that preserved in Antarctic ice showed cussed in Sect. 3 (Rasmussen et al., 2006).
similar ranges 08180 as recorded in NorthGRIP (Landais et
al., 2003). We estimate that these reconstructions are vali@.1.4 Uncertainties on “warm” temperature reconstructions
within 30% (this is due to thet2.5 to 3C uncertainty on
the gas fractionation based reconstructions with amplitudedNeither for Greenland nor for Antarctica do we have any al-
of 8 to 16 C). To summarize, we use the Greenland ice coreternative paleothermometry method that has been applied for
8180 profile, which provides the shape and duration of cli- periods “isotopically” warmer than today such as the previ-
mate events, and reconstruct past temperature changes whiokis interglacial period (Marine Isotopic Stage MIS 5e). In
correspond to different slopes for cold and warm periodsthe mid-Holocene, Greenland ice core stable isotopic data
point to a 1.8C multi-centennial warming above present-day
3In Antarctica, the magnitude of the isotope anomaly is too weak(Masson-Delmotte et al., 2005), compared to 2 t¢ @.Hh-
to accurately deduce a change of temperature. However, the deptferred from the borehole temperature profiles (Dahl-Jensen
difference between the anomaly detected in the gas versus the icgt al., 1998; Cuffey and Clow, 1997). This fact suggests
phase is an indicator of the close-off depth, itself dependent on surghgt past temperature reconstructions based on stable iso-
face temperature. topes may be underestimated also during periods warmer
Caillon, N., Severinghaus, J. P., Barnola, J.-M., Chappellaz, .y, to4ay. No simulation of MIS5e has been made avail-
Jouzel, J., and Parrenin, F.: Estimation of temperature change and

of gas age —ice age difference, 108 kyr BP, at Vostok, Antarctica: J.able with an atmospheric general circulation model includ-

Geophys. Res., 106, 31893-31901, 2001. checked that the clos¥?9 the representation of water isotopic composition. We
off depth obtained by this method for a single climate event is com-Nave therefore no objective means to assess the uncertainty
patible with modelled based estimates, supporting a reliable use off isotope-based temperature reconstructions during periods
stable isotopes of water to reconstruct past changes in Antarctigvarmer than now. Changes in ice sheet elevation may also
temperature within 20 to 30%. have occurred in Greenland (Cuffey and Marshall, 2000).

.
=3
T

&
T

YD

S
T

tn
T

—--32

Intensity of abrupt increases (°C}

)
& PO
£ 5 £ & &
S 1= =] =3 S
T
]
°

(nwd) 0 ¢ dTEDUHON

75°N JJA insolation (W.m:

g
=

.40

40

() [PA3]-BIS

40 60
age {years BP)

www.clim-past.net/2/145/2006/ Clim. Past, 2, 1465, 2006



150 V. Masson-Delmotte et al.: Past temperature from ice cores

temperatures. Simulations conducted with a model of in-
termediate complexity, ECBILT-CLIO, are used to describe
the impact of idealised orbital configurations (extreme oblig-
uity levels) (Tuenter et al., 2005) on surface temperatures,
all other boundary conditions being kept to their present-day
= 1 levels (vegetation, atmospheric composition, ice sheet topog-
3 i 1380 g raphy...).

2 0w 0w
=4 = =
1

Benthic stack §'°0
T

W

=

ol
[
-3
=

= Greenland and Antarctic estimates of temperature changes
from the Last Glacial Maximum to the present-day are
compared in Sect. 4 to the result of simulations con-
ducted with general circulation ocean-atmosphere-sea-ice
models (including ECBILT-CLIO) within the Paleoclimate
Modelling Intercomparison Project (PMIPII) (Harrison et
al., 2002) bttp://www-Isce.cea.fr/pmip2database version:
April 2006) for the Last Glacial Maximum climate (LGM),
21000 years ago. In this case, the boundary conditions have
been standardised and include changes in the atmospheric
greenhouse gas composition, changes in the orbital parame-
ters (with minor effects for the LGM), changes in land-sea
and ice sheet topography (both with prescribed ice sheets
and sea-level changes) (Peltier, 2004). Changes in dust load
Fig. 3. Comparison of glacial-interglacial cycles recorded in a stackin the atmosphere and in vegetation are not included. In
marine benthié180 records (Liesicki and Raymo, 2005) (blue) and September 2005, five coupled model simulations were avail-
in the deuterium ratio of EPICA Dome C ice core. The EPICA able on PMIP2 database and have been compared to ice core
Dome C deuterium record is displayed on its initial EDC2 age scaledata in terms of polar amplification (Masson-Delmotte et al.,
(EPICA-community-members, 2004) (black line) as well as on a2006). These simulations are conducted as equilibrium sim-
preliminary age scale based on the precession signal recorded in thqations and cannot be used to derive the pacing of simulated
air §180,1m composition (Dreyfus et al., 2085 in better agree- changes
ment with the marine records (dashed and solid red lines). The '
range of corresponding temperature changes is displayed (left axis).
The obliquity component of the deuterium records extracted using |n Sect. 4, we finally compare the magnitude and pacing of
a Multi-Taper Method is displayed as a green line. Fluctuations Ofpast temperature Changes reconstructed from deep ice cores
75°S anngal mean insolation, resulting from changes in obliquity, to the changes simulated by coupled ocean-atmosphere-sea-
are also displayed (bottom panel) (Berger and Loutre, 1991). ice models in response to prescribed increases in atmospheric
greenhouse gas levels. Standardised simulations with the
) ) ~ same models as for PMIP2 and other models have been con-
In this paper, we apply for all past periods an uncertainty qycted for the Fourth Assessment Report of the Intergovern-
of 30% on past temperature reconstructions derived fromyenta| Panel for Climate Change within the Coupled Model
stable isotope profiles. At the isotopic “maximum” of the Intercomparison Project CMIFhitp://www-pcmdi.linl.gov/
NorthGRIP5*%0 record, about 123 kyrs ago, Greenland tem- prgjects/cmip/index.php Here, we have analysed the final
peratures are derived to have beeB°C warmer than to-  regylts of simulations where G@oncentrations increase by
day (NorthGRIP-community-members, 2004) (Fig. 2). At 194 per year, until they reach a doubling of pre-industrial
the isotopic “maximum” of the EPICASD record, about COylevels (over 70 years,2CO, experiments) or a quadru-
125 to 130 kyrs ago, east Antarctic temperatures are also depling of pre-industrial C@ levels (over 140 years,»CO,
rived to have been up te5°C warmer than today (EPICA_- experiments). In both cases, €f@vels where then stabilised
community-members, 2004) (Fig. 3). Based on stable isoqyer 150 years and model outputs were analysed during this
tope profiles, the Iargest centennial _warming recorded abovgiapilisation period (pseudo “equilibrium” response). Alto-
present-day values is therefore estimated to reaStC at  gether, these simulations correspond to climate changes oc-
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both poles. curring over~120 to 170 years ane*190 to 240 years af-
_ _ ter the start of CQ increase respectively fors@ 0O, and
2.2 Climate modelling 4xCOy, experiments, and have been used to compare the

magnitude and pacing of anthropogenic £i@duced cli-
The EPICA reconstructions are analysed in Sect. 3 with anate change with the magnitude and pacing of past natural
focus on the imprint of obliquity fluctuations on Antarctic climate fluctuations (Sect. 3).
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Fig. 4. Calculations of past{800 to 0 ka) and future (0 to 200 ka) changes in the latitudinal distribution of December—January—Fgbruary
annual mealb) and June—July—Auguét) deviations (left) from the present-day (right) incoming solar radiation at the top of the atmosphere,
in W/m?2.

3 Imprint of obliquity on polar temperature records ties of the climate signals (Hays et al., 1976) versus spectral
and relevance for the “analogy” between MIS11 and  properties of incoming solar radiation (Berger, 1978), on the
the current interglacial determination of phases between different climatic parame-

ters and insolation in particular during transitions (Hender-
o ) son and Slowey, 2000;8pin et al., 2001; Shackleton, 2000);

Because they strongly modulate the distribution of incom- 54 modelling of the climate system response to selected or-

ing solar radiation at the top of the atmosphere, the orbitaly| configurations (Gale et al., 1992; Khodri et al., 2001).

parameters of the Ear_th are seen as the driving force for cli- In this section, we will focus on one aspect that is not usu-

mate changes occurring on time scales longer than 10009,y gescribed as essential in the driving of ice ages, which
years (also calle_d orbital time scales) (Milankovitch, 1941). g the impact of changes in the obliquity of the Earth on the

A hierarchy of climate models has been used to analyse thgjstribytion of insolation, its imprint on the EPICA Dome C

relationships between orbital forcing and climate dynamics.s iy record and finally its relevance when comparing different

Conceptual models have been used to analyse the non linedgg; present and future orbital configurations and therefore
climate response (Claussen et al., 2002) and general CircUsimate evolutions.

lation climate models (Braconnot, 2004) have been used to

highlight the importance of climate feedbacks in the relation-3.1  Latitudinal changes in incoming solar radiation

ships between observed climate changes and orbital forcing.

These climate feedbacks are related to changes in the wat&¥e have displayed on Fig. 4 three components of today’s
and carbon cycle and atmospheric greenhouse gas concentriacoming solar radiation: seasonal mean irradiance (total
tion (including water vapour), changes in the surface albedamount of solar energy received during an astronomical sea-
associated with changes in snow and ice cover or changeson, divided by the length of this season) for June—July—
in the vegetation cover, and changes in vegetation cover oAugust, annual mean and December-January-February, as a
ocean surface properties that can transfer a seasonal forfunction of latitude. We have also displayed the deviations
ing into an annual mean response (Braconnot, 2004). Analfrom this present-day latitudinal distribution of insolation,
yses of the relationships between the orbital parameters dfrom the past 800 ka to the next 200 ka, after calculations by
the Earth and the climate response rely on spectral propeBerger and Loutre (1991, 2002).
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When considering the seasonal redistribution of insola-Here we stress the fact that insolation changes vary with the
tion, the clearest signal is associated with the precession adeason and latitude, with out of phase effects in the two hemi-
the equinoxes with periodicities of 19 to 23 kyears. The po-spheres if considering precession only, but symmetric bipo-
sition of the seasons with respect to perihelion and aphefar forcings when considering obliquity effects (Loutre et al.,
lion induces seasonal redistributions of insolation with JJA2004). Recently, Huybers (2006) also highlighted the role of
or DJF magnitudes up to 60 Wfm The hemisphere where obliquity in driving integrated summer insolation.
summer occurs at perihelion and winter at aphelion under-

goes larger seasonal insolation contrasts than the other hems.>  |mprint of obliquity on ice core isotopic records
sphere. Therefore, precession has opposite effects on both

hemispheres in terms of amp_lltude of mso!a_'uon season%_z_l Obliquity signal in ice core deuterium excess records
contrasts. Moreover, changes in the eccentricity of the orbit

(up to ~6%) which take place with periodicities of 413 kyrs I :
and from 95 to 136 kyrs, modulate the impact of precessionOur tho_ughts on the role of obliquity on PO'."’“ climate chapge
(Rial, 1999). Indeed, the impact of the position of the sea-"Vere initially triggered by observed variations of deuterium

sons on the Earth orbit is significantly smaller when the orbit €XCesS In the Antarctic Vostok ice core. Deuterium excess,

- 18 . . .
is almost circular, as is the case today (current eccentricity ofj_‘SD_B‘S O, is a second-order 'SOFOp'C parameter (Dans-
0.017). This effect can be clearly seen in Fig. 4, with a mod_gaard, 1964) that corrects the deuterium fluctuations from the

ulation of amplitudes of the precession signals at 100 kyr and!"St ©rder equilibrium fractionation effects and therefore re-
400 kyr periodicities. In particular, the current situation, with flects changes in the kinetic fractionation, occurring either at

a low eccentricity during the past 50 ka and the future 100 kathe evaporation stage (therefore conditioned by surface char-

can be compared to the low eccentricity situation which took?CteriStiCS_ such as sea su_rface temperature, relative hL_Jmid'
place from roughly 450 to 350 ka. ity and wind spe_ed) (Merlivat and Jo_uzel, 1979) or during
Finally, changes in the obliquity of the Earth also interact S"0Wflake formation (Jouzel and Merlivat, 1984).
with changes in precession and eccentricity to modulate the Past fluctuations of deuterium excess measured on the
seasonal contrasts (Loutre et al., 2004), with similar effects invostok ice core appeared to be strongly modulated by fluc-
both hemispheres. Obliquity varies betwee?2 to 2%, and  tuations of obliquity (Vimeux et al., 1999; Vimeux, 2001).
is today at the intermediate value of23'. However, incon- It was proposed that relative humidity co-varied with sur-
trast with eccentricity and precession, obliquity variations face temperature at the ocean surface (Kavanaugh and Cuf-
leave their signature in the annual mean insolation with oppofey, 2003; Vimeux et al., 2001). The interpretation was then
site effects at low and high latitudes, the boundary being lo-the following: a small obliquity induces a decrease in an-
cated at about £3orth and south (Fig. 4). The magnitude of nual mean insolation at high latitudes, and an increase of
annual mean insolation variations remain limited compared@nnual mean insolation at low latitudes. Cooler high lati-
to the seasonal variations, typically up to 10 /g@bout 1%  tudes, warmer tropics, and a more efficient moisture trans-
of annual mean insolation in the tropics and 5% of annualPort should have been combined to generate less evapora-
mean insolation in the high latitudes). Variations of oblig- tion at high latitudes (with a smaller deuterium excess), more
uity result from nearby pseudo-periodicities at about 40 kyrs,evaporation in the tropics (with a larger deuterium excess),
therefore resumng in an apparent 41 kyr per|0d|c|ty and anand a Iarger contribution of high-excess low-latitude mois-
amplitude modulation over 1.2 million years 8lite et al., ~ ture to polar precipitation. High deuterium excess values
2001; Liu, 1999; Rlike and Shackleton, 2001). This long are systematically observed during glacial inceptions over
term effect on the maximum and minimum obliquity levels the past climatic cycles, suggesting that the high obliquity
can be distinguished in Fig. 3 (lower panel, annual mean indevels of these periods were inducing an active hydrological
solation at 78S) and Fig. 4. During the past 200 ka, the max- cycle and provided the moisture required to build ice sheets
imum difference between obliquity maxima and minima is in the northern hemisphere at the same time as the poles are
about 50% larger than during the period from 800 to 600 ka.getting colder. Such a mechanism is also supported by atmo-
When considering annual mean insolation at $5with an  Spheric transport changes simulated by coupled climate mod-
average value of 185.6 Wﬁr“t can be shown that the am- els (KhOdrl et al., 2001, 2003, 2005, \ettoretti and Peltier,
p||tude between minima and maxima (Occurring at a 41 kyr2004) The first Greenland record of deuterium excess mea-
pacing) ranges between 5 Wrat 680 ka) and 14 W/i(at ~ sured on GRIP ice core suggested that the obliquity signature
230ka). Therefore, the effect of the modulation of amplitude ¢an be detected symmetrically on the atmospheric water cy-
of obliquity induces relative variations of 2.7% to 7.5% of cle in both hemispheres (Masson-Delmotte et al., 2005).
high latitude insolation maxima and minima. Recent papers have also highlighted the potential effect
It is often considered that summer insolation at B5s of obliquity to control seasonal and annual mean latitudi-
the key aspect of insolation changes for glacial-interglacialnal insolation gradients between low and high latitudes, at-
climate changes, due to the specific configuration of landmospheric water cycle and therefore climate and ice sheet
masses and their role for the building of continental ice capsmass balance (Loutre et al., 2004). This suggestion also had
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echoes in the paleoceanographic community (Raymo and Nibacks (advection of heat and moisture to Antarctica). It must

sancioglu, 2003). be noted that the strong relationship between Antarctic tem-
o . perature and atmospheric @@oncentrations (Petit et al.,
3.2.2 Obliquity and ice ages 1999; Siengenthaler et al., 2005) remains preserved during

the early ice ages recorded at EPICA Dome C. It has been hy-
It was argued that eccentricity periodicity at 400 kyr induced pothesised that changes in the atmospheric greenhouse com-
a frequency modulation of its 100 kyr component and is re-position through variations of the carbon cycle controlled
sponsible for the variable duration of ice ages, with in par-py hrocesses in the high southern latitudes may also act as
ticular shorter ice ages around 400kyrs (Rial, 1999). In thean amplifier for the imprint of obliquity on global climate,
EPICA Dome C deuterium record, a similar feature is ob-jnc|yding the tropical Pacific where the local direct effect

served, with the shortest duration of ice ages of about 80 kyrg; opliquity is weak (Lea, 2004; Medina-Elizalde and Lea,
before and after MIS11 (Fig. 3), corresponding to a minimumqos: | awrence et al., 2006).

eccentricity configuration. It can be also argued that, in pe- s strong increase of the obliquity component in Antarc-
rlods. of low eccentrlcny, seaspnal contrasts induced by Pr€%ic temperature over the past 800 000 years is in sharp con-
cession are weaker (Fig. 4, Fig. 6) and therefore changes igas; with the longer term perspective offered by marine sedi-

obliquity at~40kyr periodicities have larger impacts. This ments |ndeed, paleoceanographic data (Liesicki and Raymo,
effect was also suggested by Rial and Anaclerio (2000) basegds) show that the variance of the global ice volume is dom-

on spectral analyses of _Vosf[ok climate records. _Fin_ally, "®jnated by a 40 kyr periodicity prior to 1 million years, and
ce_nt papers hgve also hlghllgh'Fed the role of obliquity vari- ot a 100 kyr periodicity appears on top of this 40kyr pe-
ations in non linear phase locking the average frequency Ofiodicity during the past 1 million years. During ice ages,

glacial cycles (Ashknenazy and Tziperman, 2004) or con-c,ntinental ice caps are expected to be built at latitudes that

trolling deglaciation thresholds (Parrenin and Paillard, 2004;. 6 located between 50 and°8. where the local impact of

Huybers and Wunsch, 2005) and integrated summer insolggpyjiqity on annual mean insolation and temperature is ex-
tion (Huybers, 2006) have demonstrated that the late PleiSpa e to be less strong than at polar locations (see Sect. 3.3).
tocene terminations are not independent of obliquity, and tha herefore, it is possible that effects of obliquity on high lat-
terminations occurred at every second or third period of highy ,4e temperatures would be more clearly marked in records

obliquity. of polar temperatures than in records of global sea-level. This
analysis of the role of obliquity on Antarctic temperature
builds on an understanding of a key role of precession and

The power spectrum of EPICA Dome C deuterium recordnorthern hemisphere summer insolation in controlling the
shows a marked obliquity component over the past 400 kyrs’timing of transitions and identified from their precise dating
as earlier seen in Vostok (Yiou et al.,, 2001), which van- (e.g. Hays etal., 1976).

ishes over the earlier period (prior to 400 kyr BP). The long
term obliquity imprint on EPICA Dome C deuterium profile

can be analysed either based on 0 kyr component of

a Multi Taper Method spectral analysis (Fig. 3), or by per- n order to assess the relative impact of extreme orbital con-

g)lrmzlrg)%g;/ Ollur?%g?rr]yc?see?e}i ?Sn i%iiiég?i;ggg;;fggel e‘igurations, in the spirit of the pioneer work of (Gallimore

riodicity has an increasing weight on central East Antarc—and Kutzbach, 1995), an intermediate complexity climate

tic temperature from past to present, with a marked transi-mOdeI’ ECBIlt-CLIO (Goosse and Fichefet, 1999; Opsteegh

tion at~400ka. This result is further discussed in Jouzel etet al., 1998) was USEd.tO perform a set of simulations under
al. (2006} in terms of intensity of warm periods. contrasted orbital configurations (Tuenter et al., 2005). The

Obliquity has a strong imprint on EPICA Dome C tem- atmospheric component ECBIlt2 is a global spectral quasi-

perature record (as shown clearly by its 40 kyr component)geosm!OhIC modgl truncgted at T21. Thgre are 3 layers n
especially during the past 450 kyrs (Fig. 3). We suggest tha¥he vertical. ECBIlt has simple parameterisations for the di-
e abatic heating due to radiative fluxes, the release of latent

the increasing imprint of obliquity on the record is related to . )
the long term amplitude modulation of obliquity variations. heat and the_ exchange of sen_5|ble heat W'.th the surface. The
model contains a full hydrological cycle which is closed over

The mechanism relating Antarctic temperature and obliquityIand by a bucket model for soil moisture. The ocean/searice

is expected to be linked to high latitude annual mean insola- . e .
) ; .model is CLIO, a primitive equation, free-surface ocean gen-
tion and local feedbacks (sea-ice, water vapour), changes in . . ) . .
L : . . eral circulation model with a thermodynamic-dynamic sea-
latitudinal insolation gradients and dynamical transport feed-. X N o .
ice model. The horizontal resolution i$:33° and it has

“Jouzel, J., Masson-Delmotte, V., Cattani, O., et al.: Orbital and20 unevenly spaced vertical levels. The ocean model has a
millenial Antarctic climate variability over the last 800 000 years, relatively sophisticated parameterization of vertical mixing.
Nature, in review, 2006. The three-layer sea-ice model takes into account sensible and

3.2.3 Obliquity signal in EPICA Dome C deuterium record

3.3 Simulation of obliquity imprint on Antarctic tempera-
tures
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shown). These magnitudes correspond to about one forth of
the full glacial-interglacial temperature amplitude.

This sensitivity study confirms that extreme configurations
of obliquity alone, without including associated feedbacks
such as land surface and carbon cycle changes, have the capa-
bility to significantly change polar temperatures. The poten-
tial of the sea-ice extent to act as a key climate amplifier has
been highlighted from conceptual considerations (Gildor and
Tziperman, 2000). The simulations conducted with ECBILT-
CLIO provide a quantitative confirmation on our arguments
that changes in obliquity significantly impact high latitude
temperatures.

Annual SAT (C) Tmax — Tmin

3.4 Comparison between MIS11 and the current inter-
glacial

“1-050 05 1 15 2 25 3 35 4 45 5 55

T
[« 4
]

90S

” i Several authors have attempted to forecast what should be
Fig. 5. Latitudinal temperature change simulated by the ECBILT- the natural orbitally-driven climate evolution over the next
CLIO model of intermediate complexity between maximum and tens of thousand years. Such long-term forecasts cannot be
minimum obliquity forcing. made with three dimensional climate models coupled to ice
sheet models yet, and rely on more conceptual models (Im-
brie and Imbrie, 1980). These conceptual models take into
latent heat storage in the snow-ice system. It simulates theccount specific aspects of the insolation forcing, such as
changes of snow and ice thickness in response to surfaces® N mid-June insolation, and include a crude representa-
and bottom heat fluxes; sea-ice is considered to behave afn of feedbacks within the climate system (albedo effect,
a viscous-plastic continuum. There is no local flux correc-time constant of ice sheet growth and decay and sometimes
tion in ECBIlt-CLIO. However, the model overestimates the carbon cycle and atmospheric greenhouse gas content) in or-
precipitation over the Atlantic and Arctic oceans and under-der to represent the non linear response of the climate system
estimates the precipitation over the North Pacific (Opsteegho the orbital forcing. As a result, such models allow the de-
et al., 1998). Therefore the precipitation is artificially re- termination of thresholds in the incoming solar radiation that
duced by 10% over the Atlantic basin and 50% over the Arc-may induce the shift from different states of the climate sys-
tic basin. The corresponding water is redistributed homogetem (typically from glacial to interglacial conditions, with the
neously over the North Pacific. main climate parameter being the global ice volume) (Pail-

Two experiments simulations have been run with extremelard, 1998). Such an approach seems supported by recent
values of obliquity (22.08and 24.48), with a small non-  simulations conducted with a climate model of intermedi-
zero eccentricity (0.001) because a zero eccentricity causedte complexity (Calov and Ganopolski, 2005). Of course, a
numerical instabilities in the model. The initial state for all basic understanding of the orbital controls of past ice ages
simulations is the present day state. The only forcing is thewarrants a minimum realism in forecasts on future orbitally-
insolation change due to the orbital parameters, which werelriven future climate change. Considerations on the fate of
kept constant during the simulations. All other boundary anthropogenic C®in the atmosphere have shown that its
conditions like ice sheets, vegetation and concentration ofong term decay and remaining radiative forcing may play
trace gases were kept to present day values. All experimenta major role on the climate response to orbital forcing over
were run for 500yrs. The mean response is defined as théhe next tens of thousands of years (Archer and Ganopolski,
average over the last 100 yrs. 2005).

Figure 5 shows the latitudinal temperature change induced Several authors have worked on the comparison between
by obliquity only maxima. As expected from the obliquity the present and future orbital configuration and the orbital
effect on insolation, tropical areas respond by a small cool-configurations that ended earlier interglacial periods. Due to
ing (within 0.3’C), whereas high latitudes are simulated to the low eccentricity context occurring now and which will
react strongly to obliquity forcing, with warming amplitudes persist over the next tens of thousands of years, the preces-
up to 2C in Antarctica (and the austral ocean) af@4nthe  sion fluctuations induce only limited changes in the northern
Arctic. Another model of intermediate complexity run un- hemisphere summer insolation (Fig. 2, Fig. 6). The horizon-
der idealised orbital configurations (Kageyama et al., 206 tal dashed lines on Fig. 2 show for instance that the min-
shows a similar latitudinal response to obliquity forcing (not imum of incoming northern hemisphere summer insolation
that occurred at-115ka (JJA at 75N) and corresponded
SKageyama, M.: in preparation, 2006. to the last glacial inception was 30 W#nfor ~7%) below

Clim. Past, 2, 145165 2006 www.clim-past.net/2/145/2006/



V. Masson-Delmotte et al.: Past temperature from ice cores 155

Age MIS 11 (ka) Age MIS 11 (ka)
380 390 400 410 420 430 370 380 390 400 410 420
-360 =7 T T T T T -360 = T | T T 1
.380 380 - P
o LR
-400 400 a§ o
R : 3
-420 w v
-440 E aanfY g E
£ - £
E e E
= = -~ T
g g
1] ®0
~ e z
K g g
£ g E H
z 60 =z B =
H El e
4 g 2 5
= o 8 :u
g 20 - g
g L £
a 0 ~
H g 20
22 I L 1 | 1 =7 L 1 ! I 1
Z 30 20 -10 0 10 20 30 Z 30 20 10 0 10 20 30
@ Age MIS 1 (ka) < Age MIS 1 (ka)

Fig. 6. Comparison of EPICA Dome C deuterium profile and orbital forcing for the past and future 30 kyrs (red) and for a 60 kyr time
period encompassing stage 11 (black). Two components of the orbital forcing are displayed: the anomalies from present-day of annual
mean insolation at 755 (basically corresponding to the obliquity signal) and the anomalies of mid-June insolatiohNit BBferent
approaches have been developed to compare the transition from MIS 12 to MIS 11 and from MIS 2 to MIS 1. If the terminations are
supposed to start simultaneously, this corresponds to a synchronisation of the obliquity fluctuations (left). This approach was followed by
EPICA-community-members (2004). If the precession effect dhN6Eid-June insolation is synchronised, this places the terminations

and the obliquity variations out of phase (right). This approach was initially suggested by Berger and Loutre (2002) and further followed
by Ruddiman (2003). It has been suggested that thresholds on summer insolation are involved in the onset of ice ages. During the warm
Antarctic episode corresponding to MIS 11, a first minimum of summer insolation is observd@@ka. This minimum does not produce

a glacial inception (horizontal dashed line labelled 1). The end of MIS 11 at Dome C corresponds to a second deeper minimum of summer
insolation, at about 395 ka (horizontal dashed line labelled 2). It must be noted that the current minimum of mid-June insolatidfied 65
between the first level (which did not cause the glacial inception in the beginning of MIS 11) and the second level (which corresponded to
the end of MIS 11).

today’s minimum. It is therefore difficult to extrapolate the lennia ago. The use of the atmospheric dHictuations to
thresholds that induced glaciations at the end of the previousletect glacial inception remains difficult, partly because (i)
interglacial to the current and future situation. the magnitude of the precession-driven fluctuations remains
limited during interglacial periods (Schmidt et al., 2004) and
Berger and Loutre (2002) suggested that an orbital analogyhat (ji) CH;, fluctuations during MIS11 exhibits a minimum
could be made between the future orbital Configuration andsuch as the one encountered during the Holocene, without
the one that was observed to take place during MISH¥D5  peing associated with a glacial inception(Spahni et al., 2005).
to 340ka. This analogy results from a similar modulation of
precession effect by a low eccentricity (the distance between Interestingly, the EPICA Dome C record can be used
this period and today corresponds to the 413 kyr periodicityto compare the Antarctic temperature evolution during the
in eccentricity). The comparison was further strengthened bycurrent interglacial period and this MIS11 interglacial pe-
simulations conducted with a two dimensional climate modelriod, which was also archived in Vostok ice (Raynaud et al.,
(Loutre and Berger, 2003; Berger et al., 2003). Such simula2005). In the EPICA community paper (EPICA-community-
tions suggested that the orbital forcing would not be trigger-members, 2004), the records of MIS11 and MIS1 were syn-
ing a glacial inception until 50 ka after present. However, by chronised by aligning the terminations, so that the present-
comparing the evolution of Vostok atmospheric {ttncen-  day corresponds to a warming trend prior to MIS11 peak
trations during the early Holocene and the 3 previous inter-warmth (~407 ka) (Fig. 6a). It was then argued that the cur-
glacial periods, assumed to be related to the precession forgent interglacial period could last as long as the remaining
ing (Ruddiman and Raymo, 2003), Ruddiman (2003) sug-16 kyr duration of MIS11, assumed to end~aB95ka, and
gested that we have passed the northern hemisphere summating the orbital analogy proposed initially by Berger and
insolation threshold required to start a glaciation several mil-Loutre (2002).
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This synchronisation was heavily questioned by Ruddi-sults and the literature which suggest that obliquity fluctua-
man (2005), who pointed out that the (EPICA-community- tions have a marked signature on both the termination and
members, 2004) synchronisation was incorrect in terms ofglacial inceptions. We propose that, when the eccentricity is
orbital analogy. Indeed, if one was to align the pure pre-small and therefore the precession minima and maxima are
cession signal, then the best orbital analogy is found byweak, the role of obliquity cannot be neglected in triggering
aligning the present-day situation with the end of MIS11, atdeglaciations and glaciations. In this respect, it is important
~397 ka (Fig. 6b), following the initial orbital analogy given to see that there is no perfect orbital analog for the present-
by Berger and Loutre (2002). The level of the current mini- day and future orbital context (Berger et al., 1998). Today,
mum of NH 65 N mid-June insolation lies exactly between the obliquity is at an intermediate value, whereas the end of
(i) a small minimum occurring at 420 ka, in the first warming MIS11 occurred when both the summer insolation and the
phase of MIS11 at EPICA Dome C, which was clearly not as-obliquity were minimal. If obliquity is playing a larger than
sociated with the onset of an ice age, and (ii) a more markednvoked role on ice ages, then it cannot be expected that an
minimum occurring at 399 ka, which corresponds to the rapidice age would be to occur over the next 50 ka, until minima
cooling marking at EPICA Dome C the end of MIS11. of obliquity and NH summer insolation coincide.

To our opinion, the pure alignment of the precession signal
between MIS11 and MIS1 does not support the argument that
the current insolation minimum at 68 in summer is the 4 Magnitude and pacing of past and future temperature
threshold to induce a glacial inception. The long duration of  changes
MIS11 results probably from a “skipped” precession cycle,
in the context of a low eccentricity, and a similar situation Ice core based climate records are not only relevant for fu-
may as well occur in the next tens of thousand years becausgire climate changes at the orbital time scales. The polar
no 65 N summer insolation minima as low as those that in- temperature reconstructions can be used to test the capabili-
duced the previous ice ages is expected to occur, nor the odies of climate models, used to assess climate risks over the
currence of a small minimum of this parameter together withnext centuries, to capture the full magnitude of past climate
a minimum of obliquity (Fig. 6). changes.

The temperature trend recorded in EPICA Dome C ice The increase of atmospheric @@oncentration caused by
core during the Holocene can also be compared with earliehuman activities is already considered to be a significant
interglacial periods (Fig. 3, Fig. 6). There is no clear decreas<climate forcing factor (IPCC, 2001), and expected to per-
ing § D trend at Dome C over the past millennia (Masson- sist over the next thousands to tens of thousands of years
Delmotte et al., 2004); this is in contrast with small cooling (Archer and Ganopolski, 2005). In this section, we compare
trends observed at other Antarctic deep ice core sites (Masthe magnitude and pacing of GGnduced climate change
son et al., 2000). The late Holocene climate trends (or lacksimulated at polar locations by coupled climate models run
of trends) recorded at various Antarctic places may be sigunder a forcing of increasing atmospheric £€ncentra-
nificantly influenced by a few tens of meter changes in thetions at a rate of 1% per year (see Sect. 1.2), to the past
relative local elevation because of the ice sheet volume andeconstructed polar temperature changes based on ice core
dynamics (Masson et al., 2000). Ice sheet modelling re-data (see Sect. 1.3) and to simulations forced by Last Glacial
sults suggest that the elevation has been slightly increasiniylaximum boundary conditions.
at deep ice core sites such as Dome C over the past millenia These comparisons allow an assessment of the capability
(Lhomme, 2004). The lack of cooling trend cannot be ac-of climate models to capture glacial-interglacial polar tem-
counted for by elevation changes. It is therefore difficult to perature changes, of the global relevance of deep ice core
argue, based on EPICA Dome C deuterium record for thetemperature reconstructions, and a comparison of the anthro-
Holocene, that the current interglacial is reaching its end,pogenic climate risk with the past natural climate evolution
because central Antarctic temperatures do not appear to bt deep ice core sites: can the £@dduced polar warming
cooling. The Holocene trend, in this respect, is extremelybe considered as an “abrupt” climate change?
different from the deuterium fluctuations over MIS 5, 7 and
9 (marked by an early interglacial peak warmth immediately4.1 Model intercomparison: LGM,2CQO, and 4xCO; at
followed by a cooling trend without a stable “plateau”). It polar locations
shows more similarity with the stable or slowly rising deu-
terium levels during the beginning of MIS11, 13, 15 0r 17. With standardized simulations, it is possible to analyse the

Finally, we argue that the alignment of MIS11 and MIS1 mean model response together with the uncertainty from
performed in (EPICA-community-members, 2004) is not model to model. The upper panels of Fig. 9 display the de-
only an alignment of the terminations, but also an align- viations between Last Glacial Maximum and pre-industrial,
ment of the obliquity fluctuations during the two periods and pre-industrial to 2 and 4x CO, simulations (Masson-
(Fig. 6a). In the previous subsection, we have reviewed bottDelmotte et al., 2006) and the bottom panels the standard
the EPICA deuterium spectral evidence, some modelling redeviation between the various climate models. The global
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Fig. 7. Overview of the magnitude and rapidity of temperature changes in Greefdaadd Antarcticab) from ice core estimates and

sensitivity studies conducted with coupled climate modelsG@, and 4<CO,). See text for details. EH{) stands for warming/cooling

before and after the Early Holocene temperature optimum (Masson-Delmotte et al., 20Q4);férlthe warming/cooling before and after
the Al temperature maximum (Blunier and Brook, 2001); A){or the warming/cooling before and after the A7 temperature maximum
(Blunier and Brook, 2001); 5d/5¢() for the warming/cooling before and after the first rapid event in Antarctica (Caillon et al., 2001); LGM

for the Last Glacial Maximum; ACR for the Antarctic Cold Reversal; T1 to T9 for the terminations. These events are also located on the

deuterium profile of EPICA Dome C on Fig. 3.
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transport of heat by the ocean and atmosphere simulations.
Indeed, coupled model simulations show a weakening of the
thermohaline ocean circulation in G@hcrease simulations,
possibly associated with a decreased export of heat from the
tropics to the high latitudes and therefore an increase of trop-
ical temperatures (Houghton, 2001).
Eassi _ In all the climate change experiments described here, a
otrection for ; ipe . . .
prescribed LGM ice 7 strong polar amplification is also simulated, north or south
sheet elevation J ‘f" of 40° for the change since the LGM, and north or south of
change ; ) 60° for the CQ induced changes. Polar amplification pro-
cesses are thought to be associated with changes in the sur-
face albedo feedbacks (including land ice and sea ice effects),
the cloud/water vapour atmospheric feedbacks (Holland and
Bitz, 2003; Masson-Delmotte et al., 2006; Solomon, 2006)
T T and prescribed changes in ice sheet topography (elevation ef-
i =t L s By a0 * fect on temperatures at the surface of the ice caps) (Masson-
Delmotte et al., 2006).

Fig. 8. Latitudinal surface air temperature change simulated by cou- | € average temperature change in the central Antarctic
pled climate models for the change between Last Glacial Maximumplateau (above 2500 m) is simulated to bei35°C from
and pre-industrial (PMIP2 intercomparison) (blue lines) and for the LGM to pre-industrial (on average twice the global change),
change betweenx2CO;, (orange lines) and4CO, (red lines) and  and respectively 2:60.7°C and 5.A41.4°C in response to a
pre-industrial (CMIP intercomparison performed for IPCC). The doubling or quadrupling of atmospheric @@oncentrations
simulations are described in Masson-Delmotte et al. (2006). Ver-(see also Figs. 8 and 9). The dispersion from model to model
tical blue rectangles at Y& and 75 S correspond to estimates of js much larger for the LGM, possibly due to differences in
temperature ranges based on ice cores. The vertical arrow corres ndels simulations of ocean circulation and sea-ice changes,
sppnds to the correction for e§timati_ng polar temperature changeand in this case reaches about half of the full amplitude.
at ice core sites. LGM model simulations were run with the ICE5G . . .

When compared to ice core based estimates, it seems that

topography (Peltier, 2004) which suggests a 350 to 400 m elevation i dels d he riah litud b
increase in central Antarctica and central Greenland. With a verticalimate models do capture the right amplitude (abet29C

lapse rate of 19C per 1000 m, such a higher elevation is expected to@t Dome C for the LGM) (blue rectangles on Fig. 8) (Stenni
induce a local cooling of 3.5 t°€. The ice core air content signals €t al., 2001). However, the prescribed ICE-5G ice sheet to-

do not suggest such large elevation changes (Krinner and Genthofography change<400 m for central East Antarctica from
1999). the LGM to present-day) accounts for half of the simulated
amplitude (taking into account a vertical lapse rate ofd0
per 1000 m) and is in conflict with opposite trends in eleva-
tion derived from ice core air content information (Martinerie
et al., 1994) and from three dimensional ice sheet modelling
(Ritz et al., 2001). Without changes in ice sheet elevation,
. - ) < climate models would significantly underestimate LGM tem-
quadrupling of CQ levels is therefore comparable in magni- o4t re changes at Antarctic ice core locations, possibly be-
tude to the warming since the LGM. cause forcings such as changes in the dust content of the at-
However, these warmings are not homogeneous over thghosphere and land cover changes are not taken into account.
Earth's surface. Figure 8 shows that 2nd 4<CO, simu-  Recent modelling studies have indeed shown that changes in
lations are associated with warmer temperatures in the tropyegetation cover at the LGM enhances northern hemisphere
ics compared to the simulated change from LGM to presentyj|acial cooling (Crucifix and Hewitt, 2005). Changes in at-
day. The eXpIanationS for this differential latitudinal re- mospheric dust load is considered to have a major effect on
sponse have not been fully analysed yet. Obviously, the forctropical radiative forcing (Claquin et al, 2003); changes in
ings themselves also differ in their spatial properties, with adust deposition on snow are also suggested to have important
strong north/south asymmetry induced by prescribed northeffects on ice sheet growth in the northern hemisphere (Krin-
ern hemisphere ice sheets for the LGM. ner et al., 2006). This comparison suggests a need for further
We propose that two main features may be involved insensitivity tests conducted with coupled climate models and
these latitudinal temperature gradients: (i) non linear waterthe full range of changing LGM boundary conditions includ-
vapour and cloud feedbacks that would depend on the meaimg dust content of the atmosphere and vegetation cover, with
climate state (and therefore would not be symmetric for aa detailed comparison to temperature reconstructions at vari-
colder period such as the LGM versus warmer states such agus latitudes.

20

H resulting from CQ increases); (ii) changes in the latitudinal
temperatre change CTRL-LGM. 2ZxCO2.CTRL. 4xCOZ-CTRL

LA

=

temperature anomaly (deg C)

temperature change is simulated to beDZ* C from LGM
to pre-industrial, 2.2:0.4°C for pre-industrial to 2 CO, and
4.7+1°C to 4xCO,. At the global scale, the magnitude of a
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Fig. 9. Greenlanda) and Antarctic(b) surface air temperature change simulated by coupled climate models for the change between Last
Glacial Maximum and pre-industrial (PMIP2 intercomparison) (left) and for the change betwe&&@,2(center) and 4CO; (right) and
pre-industrial (CMIP intercomparison performed for IPCC). Top panels: average of model results. Bottom panels: inter-model standard

deviation. The simulations are described in Masson-Delmotte et al. (2006).
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The average temperature change in central Greenlan8.2 cooling event (Alley and Agustsdottir, 2005; Masson-
(above 1300 m) is simulated to be 1&3.5°C from LGM Delmotte et al., 2005), the full termination | and the
to pre-industrial (on average twice the global change), andsubsections corresponding to the warming from LGM to
respectively 2.21.5°C and 6.9-2.0°C in response to a dou- Bolling/Allerdd, and from the Younger Dryas to the Early
bling or quadrupling of atmospheric CO2 concentrations (seeHolocene; the DO events 8, 21 and 24, corresponding to
also Fig. 9). Again, climate models systematically underes+apid events at different moments of the last ice age; the
timate the magnitude of LGM to present-day changes, escooling from the maximum MIS5e warmth to the present-
timated to be larger than 2G from borehole thermometry day temperature. The largest magnitude of past temperature
(Dahl-Jensen et al., 1998) (blue rectangle on Fig. 8). Thechanges in Greenland is up to°ZDon the glacial interglacial
model underestimation of LGM temperature change may bdime scale, much larger than the«€0O, induced changes.
caused notincluding changes in the atmospheric aerosol loaHowever, the most rapid temperature increases are observed
and land surface changes, which could change the northerto occur during DO events such as the DO8 or DO24. Such
hemisphere atmospheric circulation and enhance the glaciabpid temperature changes have magnitudes larger th@an 9
cooling over Greenland. and a pacing that can be as high as 1C.per 1000 years.

In all the simulations, the dispersion from model to model In Greenland, temperature changes taking place during warm
appears to be particularly large in the sea-ice areas, suggegeeriods are reconstructed to be much slower than those tak-
ing that the simulated sea-ice response differs strongly froning place during cold periods, with the fastest “interglacial”
model to model. change occurring during the glacial inception, with a maxi-

mum pacing of 4C per 1000 years. The warming expected

4.2 Comparison of magnitude and pacing at deep ice cor¢o be induced by a constant 1% giDcrease until reaching 2

sites times the pre-industrial C{evel is at least expected to be as

fast as the fastest past temperature changes. Furthermore, the

In order to compare both the magnitude and pacing of thesimulated warming under GQOncrease does not take possi-
different types of climate changes recorded in GRIP, North-ble amplifying changes in ice sheet elevation into account,
GRIP and EPICA Dome C ice cores, we have used the folwhich would result in a faster and larger warming.
lowing method. For each climate event labelled on Fig. 7, we The situation is more contrasted in Antarctica. We have
have worked on temperature reconstructions (see Sect. 1) reompared the magnitude and speed of all terminations, sepa-
sampled at a 100 year time step. We have then estimated th@ting termination I into the first and second warming phases
magnitude of the temperature change during the event (frongeparated by the Antarctic Cold Reversal. We have also rep-
minimum to maximum values), the duration of the event, theresented the Antarctic counterparts of the same DO events
mean pacing of temperature change (by dividing the magnidiscussed earlier for Greenland (A1, A7 and 5d/5c events),
tude by the duration) and the most rapid pacing during theas well as the trends before and after the Early Holocene
event. This maximum pacing was obtained by calculatingand MIS11 maxima, and during the last glacial inception
the successive temperature-time slope over 1000 years ceffrom 5e to 5d). Based on the EPICA Dome C EDC2 age
tred onto each time step of 100 years. In Fig. 7, both coolingscale and deuterium profile, the fastest past change is ob-
and warming events are displayed as positive values, but witiserved in the transition from the Antarctic Cold Reversal
different symbols. For comparison, theand 4<CO; sim-  to the Early Holocene, with a maximum pacing 6C4per
ulations are analysed at the end of-470 and~240 year 1000 years. During the warm periods, past changes are re-
time period respectively, and we have only displayed theirconstructed to occur with a smaller pacing, typically°C5
mean rhythm. Uncertainties on temperature magnitude ar@er 1000 years in the warming phase to MIS11 or less than
assumed to be of 30%, apart for the glacial-interglacial am-1°C per 1000 years in the Holocene. Although the magni-
plitude in Greenland which is more precisely constrainted bytude of CQ induced projected local warming is comparable
borehole temperature profiles. Uncertainties on the pacingo the magnitude of past natural changes (such as the peak
have been obtained by considering the uncertainty on thevarmth of MIS5e or MIS11), the pacing corresponding to
temperature estimate and the difference between the meahe 1% per year CO2 increase is reaching@@er 1000
and most rapid duration of the events. We have chosen tgears in Antarctica, one order of magnitude larger than any
present a pacing calculated on a 1000 year basis because 6 the changes recorded in EPICA Dome C deuterium-based
this gives orders of magnitude more easy to handle than on g&mperature reconstruction.
100 year basis; (ii) this enables to make a reasonable use of
the Antarctic temperature reconstruction (on a 100 year time
step). We are aware that it requires an extrapolation of mor& Conclusions and perspectives
rapid (subcentennial) temperature changes as reconstructed
from Greenland data and from climate simulations. We have briefly reviewed the methods used to extract quan-

For Greenland, we have selected the following climatetitative information on past temperature changes from deep
changes: the early Holocene temperature optimum, théce cores and the magnitude and pacing of past temperature
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changes. These past temperature reconstructions have beerAlthough the forcings are different, the magnitudes and
shown to be relevant for future climate change. pacing of CQ-induced temperature changes can be com-
First, the understanding of the mechanisms relating orpared to the natural fluctuations of polar temperatures de-
bital parameters of the Earth and glacial inceptions is im-rived from ice cores. In Greenland and Antarctica, peak
portant for predicting the end of the current interglacial pe-warmth has been estimated to reach temperatiu@sbove
riod. Most studies have suggested that thresholds in northpresent-day levels (at different periods of the 5e interglacial
ern hemisphere summer insolation are critical for inducingperiod). These estimates would benefit from analyses of the
such major transitions. We suggest, based on the analysis eémperature-isotope relationships in MIS5e climate simula-
the EPICA Dome C deuterium profile and simulations con-tions conducted with “isotopic” general circulation models.
ducted with a climate model of intermediate complexity, that We observe that the simulated magnitude of;&@luced
changes in obliquity play a significant role on the evolution temperature change is comparable to the largest temperature
of polar temperatures. In periods of low eccentricity such aschanges undergone at polar locations (such as the glacial-
during MIS11 and during the current interglacial period, lim- interglacial amplitude or the change from today to the peak
ited fluctuations of northern hemisphere summer insolationrwarmth of stage 5e). The pacing of the polar temperature
are observed and obliquity effects should be proportionallychanges induced by a 1% per year Cicrease is com-
larger. The comparison of polar temperature evolution duringparable or faster than the most abrupt temperature changes
MIS11 and the Holocene published by (EPICA-community- recorded in Greenland, whereas it is several times faster
members, 2004) corresponded to a synchronisation of theithan any temperature change detected in central Antarctic ice
obliquity fluctuations. Finally, it must be noted that no past cores and must therefore be considered as an abrupt climate
analogue can be found for the current and future orbital conchange.
text, and that there is no conjunction of a minimum of oblig-
uity and a minimum of northern hemisphere summer inso-AcknowledgementdiVe thank the organizing committee of the
lation (the orbital context required to produce a glacial in- PAGES Open Science Meeting in Beijing, August 2006. This
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