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Abstract. Since its discovery in Greenland ice cores, the expected from the bipolar seesaw concept. We also show
millennial scale climatic variability of the last glacial period that when ice sheets are extensive, Antarctica does not neces-
has been increasingly documented at all latitudes with studiesarily warm during the whole GS as the thermal bipolar see-
focusing mainly on Marine Isotopic Stage 3 (MIS 3; 28—-60 saw model would predict, questioning the Greenland ice core
thousand of years before present, hereafter ka) and charactaemperature records as a proxy for AMOC changes through-
ized by short Dansgaard-Oeschger (DO) events. Recent anolt the glacial period.

new results obtained on the EPICA and NorthGRIP ice cores
now precisely describe the rapid variations of Antarctic and
Greenland temperature during MIS 5 (73.5-123ka), a time;  |ntroduction

period corresponding to relatively high sea level. The results

display a succession of abrupt events associated with longontinental, marine and polar paleoclimate records preserve
Greenland InterStadial phases (GIS) enabling us to highabundant evidence that a series of abrupt climate events at
light a sub-millennial scale climatic variability depicted by millennial scale occurred during the last glacial peried 8—

(i) short-lived and abrupt warming events preceding some110 thousand years before present, hereafter ka) with differ-
GIS (precursor-type events) and (i) abrupt warming eventsent expressions over the entire globe (Voelker, 2002). These
at the end of some GIS (rebound-type events). The occurso-called “Dansgaard-Oeschger” (DO) events were first de-
rence of these sub-millennial scale events is suggested to hstribed and numbered in the deep Greenland ice cores from
driven by the insolation at high northern latitudes togetherSummit back to 100ka (734 N, 37°37 W, GISP2 and
with the internal forcing of ice sheets. Thanks to a recentGRIP; Dansgaard et al., 1993; Grootes et al., 1993; GRIP-
NorthGRIP-EPICA Dronning Maud Land (EDML) common members, 1993). GISP2 and GRI¥O,c¢ records highlight
timescale over MIS 5, the bipolar sequence of climatic eventgnillennial scale variability related to the succession of inter-
can be established at millennial to sub-millennial timescale stadials (defined as the warm phases of the millennial scale
This shows that for extraordinary long stadial durations thevariability; hereafter noted GIS for Greenland InterStadial)
accompanying Antarctic warming amplitude cannot be de-and stadials (defined as the cold phase of the millennial scale
scribed by a simple linear relationship between the two asyariability; hereafter noted GS for Greenland Stadial; Dans-

gaard et al., 1993).
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The “iconic” DO event structure is depicted as a GIS, be-variations. Such an important role of the Southern Ocean
ginning with an abrupt warming of 8 to 2& in mean annual for the bipolar seesaw mechanism is supported by marine
surface temperature within a few decades (Severinghaus eecords (Barker et al., 2009).
al., 1998; Lang et al., 1999; Landais et al., 2004a; Huber et Our knowledge of millennial scale climatic evolution be-
al., 2006; Landais et al., 2006; see also Wolff et al., 2009afore MIS 3 is limited by lower resolution, as well as higher
for a review). The GIS is then usually characterized by astratigraphic and dating uncertainties. Nevertheless, millen-
gradual cooling phase lasting several centuries and its end isial scale variability is observed from the very beginning
marked by a rapid cooling towards a relatively stable coldof the last glacial period (Cortijo et al., 1994; McManus et
phase (GS) that persists over several centuries to a thousard., 1999; Eynaud et al., 2000; Oppo et al., 2001; Genty et
of years. This description originates mainly from the DO al., 2003; Heusser and Oppo, 2003; NorthGRIP-community-
events occurring over Marine Isotopic Stage 3 (MIS 3, 28—members, 2004; Sprovieri et al., 2006; Meyer et al., 2008;
60 ka; See Voelker, 2002 for a review) that benefit from aWang et al., 2008) and during previous glacial periods (Mc-
robust chronology (Fig. 1; e.g. Wang et al., 2001; ShackletorManus et al., 1999; Jouzel et al., 2007; Siddall et al., 2007;
et al., 2003a; Fairbanks et al., 2005; Svensson et al., 2008).Loulergue et al., 2008).

The DO event signature is recorded in both continentaland MIS 5 (~73.5-130 ka; Shackleton, 1987) includes the last
marine archives from high northern latitudes to the tropicsglacial inception and the early glacial which are a time pe-
(e.g. Bond et al., 1992; Sanchez{iet al., 2000; Sanchez- riod of great interest since they represent an intermediate
Gofi et al., 2002; Genty et al., 2003; Wang et al., 2008). stage between full interglacial conditions (defined as MIS 5e,
This mainly northern hemispheric characteristic is also illus-Shackleton et al., 2003b; Fig. 1) and glacial conditions en-
trated by abrupt changes in atmospheric methangf€bh-  countered during MIS 2-3. At that time, continental ice
centrations inferred from air trapped in ice associated withsheets are extending, corresponding to sea level variations
Greenland temperature shifts (e.g. Chappellaz et al., 1993rom 20 to 60 m below present-day sea level (Waelbroeck et
Flickiger et al., 2004; Huber et al., 2006; Loulergue et al.,al., 2002) compared to 120m below present-day sea level
2008). during MIS 2-3. MIS 5 is also marked by a different orbital

A dynamical combination between ocean, cryosphereconfiguration with stronger eccentricity and therefore larger
(continental ice sheets and sea ice cover), vegetation and aseasonal insolation changes compared to MIS 3 (Fig. 1).
mosphere is at play during this millennial scale variability =~ The NorthGRIP ice core (Greenland,”1® N, 42°32 W,
(Hendy and Kennett, 1999; Peterson et al., 2000; Kiefer e917 ma.s.l.; present accumulation rate of 17.5cm water
al., 2001; Wang et al., 2001; Broecker, 2003; Steffensen eequivalent per year (cmw.e. ) expands the Summit
al., 2008) but the triggering processes of such a variabilityrecords back to the last interglacial periedl23 ka) and of-
are still under discussion (Wunsch, 2006; Friedrich et al.,fers high resolution (1cmy®) due to the basal melt limit-
2009). Current theories point to external forcing mechanismsng thinning processes (NorthGRIP c.m., 2004). THOce
such as periodic changes in solar activity (Bond et al., 1992profile unveiled GIS 23, 24, and 25 in the early time of
Braun et al., 2008), periodic calving of ice sheets (van Krev-the glacial period £101-113ka; Fig. 1; NorthGRIP ¢c.m.,
eld et al., 2000) and to internal oscillations of the ice sheet-2004). The discovery of only six abrupt climatic events dur-
ocean-atmosphere system through freshwater perturbatioring MIS 5 (GIS 20 to 25) reveals a longer pacing than the
(Broecker, 1990; MacAyeal, 1993; Ganopolski and Rahm-~1.5 thousand year (hereafterkyr) approximate DO event
storf, 2001; Schulz et al., 2002). frequency suggested by Grootes and Stuiver (1997) between

In Antarctic ice cores, millennial scale temperature 12 and 50 ka which has been strongly debated (e.g. Grootes
changes are gradual and out of phase with their abrupt northand Stuiver, 1997; Schulz, 2002; Rahmstorf, 2003; Ditlevsen
ern counterpart (Fig. 1; Bender et al., 1994; Blunier etetal., 2005, 2007).
al., 1998; Blunier and Brook, 2001; EPICA-community- We also use here an ice core drilled within the Euro-
members, 2006; Capron et al., 2010). Such a “bipo-pean Project for Ice Coring in Antarctica (EPICA) in the
lar seesaw” pattern is understood as reflecting changes imterior of Dronning Maud Land (hereafter, denoted EDML,
the strength of the Atlantic Meridional Oceanic Circula- 75° S, @ E, 2892 ma.s.l., present accumulation rate of 6.4 cm
tion (AMOC; Broecker, 1998). The physical mechanism w.e.yr1). It represents a South Atlantic counterpart to the
for this bipolar seesaw pattern has been explored through &reenland records (EPICA c.m., 2006) and provides a reso-
large number of conceptual and numerical models of vari-lution of ~30 yrs during MIS 3 and of60 yrs during MIS 5
ous complexities (e.g. Stocker et al., 1992; Rind et al., 2001that makes the EDML core particularly suitable for study-
Velinga and Wood, 2002; Knutti et al., 2004; Kageyama eting millennial scale climatic variations in Antarctica. Dur-
al., 2009; Liu et al., 2009; Swingedouw et al., 2009). Us-ing MIS 3, it has been shown that the amplitudes of EDML
ing the simplest possible model, Stocker and Johnsen (2003)ntarctic Isotopic Maxima (AIM) are linearly related to the
successfully described the Antarctic millennial variability in duration of the concurrent GS (EPICA c.m., 2006). More-
response to the abrupt temperature changes in the north byver, taking advantage of a new common timescale between
involving a southern heat reservoir associated with AMOCEDML and NorthGRIP ice cores based on the global signals
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Fig. 1. Comparison of some climatic parameters over MIS 3 and MIS5MIS 3 NorthGRIPSlSOiCe (light blue curve, NorthGRIP c.

m., 2004) and EDML8180iCe (dark blue curve, EPICA c.m., 2006; grey curve, this study) MIS 5 NorthGRIPleSOice (red curve,
NorthGRIP c.m., 2004) and EDM&180;¢ (orange curve, EPICA c.m., 2006; grey curve, this study). Note thath@ .. measurements

on EDML ice core were performed over AIM events 11 and 23 (grey curve) at Alfred Wegener Institute (Germany) with a depth resolution
of 0.05m, using the C®(H»)/water equilibration technique (Meyer et al., 20003) MIS 3 (dotted light blue curve) and MIS 5 (dotted
orange curve) sea level variations (Bintanja et al., 2005) reconstructed from theSE?!D&emhicstack (MIS 3, solid dark blue line; MIS 5,

solid pink line; Lisiecki and Raymo, 2005). Both the sea level curve and the SR¥@yeninic Stack are displayed on EDC3 timescale.

The timescale synchronisation is done in Parrenin et al. (20@@aMIS 3 (dark blue curve) and MIS 5 (pink curve) G@oncentration.
Composite CQ from EDC and Vostok ice cores (Petit et al., 1999; Monnin et al., 20@ithilet al., 2008).(e) MIS 3 and MIS 5 orbital
contexts: 68N summer insolation (full line) and obliquity (dotted line) (Laskar et al., 2004). Heinrich Events (H-events) and Greenland
InterStadials (GIS) are indicated on the NorthGRIP record. Dotted grey lines show the one to one coupling observed between AIM and
DO events. Marine Isotopic Sub-stages are indicated on the Bﬂ@@bemhicstack. This highlights the close link between the long-term
variations of ice sheet volume and the millennial scale variability since the onsets of GIS 24, 22 and 21 correspond to the transition from
Marine Isotopic Sub-stages 5d to 5c, 5c¢ to 5b and 5b to 5a, respectively.
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Fig. 2. Synthesis of millennial and sub-millennial scale climatic variability during MIS 3 (blue curve) and MIS 5 (red curve) recorded in
NorthGRIP§180;.e (NorthGRIP c.m., 20004) on a relative age centred on the onset of Greenland rapid events. AIM events recorded in
EDML alsoice are superimposed (EPICA c.m., 2006; grey curve). Vertical dotted bars mark onsets of GIS (yellow) and precursor-type peak
events (purple), sub-millennial scale variability over sequence of events 13—-17 and GIS 24 (grey). Shaded grey bands indicate rebound-type
events. Horizontal green arrows materialise GS duration (in dotted line when the duration is uncertain). Bars represent amplitudes of local
temperature increase at the onset of GIS events bas&étPNrmeasurements (dark bars; Huber et al., 2006; Landais et al. 2006; this study)

and AIM warming amplitudes (grey bars; EPICA c.m., 2006; this study).

of atmospheric composition changes, Capron et al. (2010pally, in Sect. 5, we test the general applicability of the ther-

depict a bipolar seesaw structure during MIS 5 extendingmal bipolar seesaw concept for the entire glacial period by
down to GIS 25 (Fig. 2). They reveal that during the long comparing our results with north-south time-series generated
GS 22 the corresponding AIM 21 amplitude does not reachthrough the conceptual model of Stocker and Johnsen (2003).
the warming expected from the linear relationship observed

during MIS 3.

In this paper, we combine the full climatic information
available from the NorthGRIP and EPICA ice cores in order
to provide a complete description of the abrupt climatic oscil-2.1  Synchronising NorthGRIP and EDML ice cores
lations recorded in the polar regions over MIS 5 in compari-
son to MIS 3. In Sect. 2, we present the common timescale#\n accurate timescale is necessary to characterize the dura-
used for the NorthGRIP and EPICA ice cores over MIS 3tion and pacing of climatic events and the sequence of events
and MIS 5. Section 3 deals with new high resolution mea-between the Northern and the Southern Hemispheres.
surements of EDML8180;ce and of NorthGRIPS®N and For MIS 3, we use the most recent GICC05 age scale
8%0Ar which are then used to characterize MIS 5 GS and(Greenland Ice Core Chronology 05) extended back to 60 ka
GIS in terms of structure, temperature amplitude and theifSvensson et al., 2008) for the NorthGRIP ice core. GICC05
relationships with their Antarctic counterparts. In particular, is a timescale based on annual layer counting and has been
we bring new evidence of sub-millennial scale variability at shown to be compatible within the given counting error
the onset and the end of the MIS 5 long interstadials. We therwith absolutely dated reference horizons in the 0-60 ka pe-
discuss the robust features and peculiarities of GIS events afod (Svensson et al., 2008; Fleitmann et al., 2009) with
MIS 3 and MIS 5 in relationship with their different climate GICCO5 tending to generally underestimate the age. Syn-
background (i.e. ice volume, orbital contexts) in Sect. 4. Fi-chronization (e.g. Bender et al., 1994; Blunier et al., 1998)

2 Timescale synchronisation and past temperature
reconstruction of NorthGRIP and EDML ice cores

Clim. Past, 6, 345365 2010 www.clim-past.net/6/345/2010/
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Table 1. Uncertainties on MIS 5 DO events duration associated with the new EDML-NorthGRIP common timescale over MIS 5 (Capron et
al., 2010). The uncertainty determination is based on the comparison of DO duration inferred from the EDML-NorthGRIP timescale with
their duration on other timescales (marine sediment cores: MD95-2042, Shackleton et al. (2004) and NEAP18K, Chapman and Shackel-
ton (2002); Sanbao Cave speleothem record, Wang et al. (2008); lake record from Monticchio, Brauer et al. (2007)).

@ DO duration on each chronology: (1) EDML-NorthGRIP timescale (2) MD95-2042 timescale (3) NEAP18K timescale, (4) Sambao Cave
timescale, (5) Lago di Monticchio timescale.

b For each rapid event, we calculate the mean DO duration deduced from DO durations estimated on each chronology (a).

¢ The uncertainty of each event duration is given as a percentage of error calculated as the ratio between the standard deviation of DO
durations on each timescale (a) and the mean event duration (b).

Mean D& Evenf
DO duration on each chronology (yfs) duration (yrs) duration
uncertainty (%)

(1) EDML-NGRIP  (2) MD95-2042 (3) NEAP-18K  (4) Sambao Cave (5) Monticchio

D025 5530 3950 2990 3970 2610 3810 30
D024 4850 4130 4940 5150 4820 4778 8
D023 12570 11190 11530 13900 9460 11730 14
D022 5870 6300 4940 6750 5340 5840 12
D021 9350 6460 9700 7360 8218 19

performed using the isotopic composition of atmosphericAtlantic region, marine cores show rapid cooling events (C
oxygen ¢804 and CH; records from air entrapped in  events) (McManus et al., 1994) that were associated with the
EDML and NorthGRIP ice (EPICA c.m., 2006; Blunier et GS (i.e. event C 24 is associated with GS 25, McManus et
al., 2007) allowed us to place the two ice cores on the samal., 1994; NorthGRIP c.m., 2004; Rousseau et al., 2006). Us-
timescale. From 25 to 50ka, the maximum uncertainty be-ing such associations, NorthGRIP DO event duration is com-
tween the two records is estimated to reach 500yrs at theared to the one deduced from two marine sediment cores:
onset of GIS 12. (i) MD95-2042, providing an age scale with two absolute
age markers derived from the Hulu cave between 115 and
81ka (Shackleton et al., 2003a; Wang et al., 2001) and (ii)
'NEAP18K, whose age model was constructed by correla-
flon of the benthi®180 records with an orbitally tunett®0
stratigraphy (Shackleton and Pisias, 1985).

To study MIS 5, we transfer the NorthGRIP record onto
the EDML1 timescale (Parrenin et al., 2007a; Ruth et al.
2007; Severi et al., 2007) between 75 and 123 ka using also
8180, and CH; synchronisation (Capron et al., 2010). The
new EDML-NorthGRIP timescale enables us to quantify the
exact phasing between the onsets of AIM and GIS with an Then, the same exercise is carried out by comparing our
accuracy of a few centuries except for the onset of GIS 25age-scale with the chronology from a lacustrine sediment
where the uncertainty is higher than 1 kyr due to the lack ofcore from Lago grande di Monticchio (Brauer et al., 2007)
high-resoluted methane records both on EDML and North-whose chronology is based on lamination counting. Finally,
GRIP that would enable one to determine a precise gas agassuming synchronous climatic shifts at low and high lati-
marker between the two records. Unlike for MIS 3, we aretudes enables us to compare rapid event succession recorded
not using an absolute timescale for MIS 5 however focussingn ice cores through independent dating from speleothem
on the duration and sequence of events only requires a relaecords (i.e. Wang et al., 2001, 2008). Such a comparison is
tive timescale. NorthGRIP basal melting induces a timescaldifficult because few speleothem records display a clear se-
almost linearly proportional to depth by reducing the ice thin- quence of rapid events over MIS 5 except the record from
ning (NorthGRIP c.m., 2004; Dahl-Jensen et al., 2003). ForSanbao cave on which we can identify the onset of each
the new EDML-NorthGRIP age-scale, we obtain a smoothGIS event (Wang et al., 2008).
evolution of age as a function of depth with less than 10% de- - . . :

o . Uncertainties on DO event durations (i.e. durations of
viation from the slope deduced from the age/depth relat|on—GIS plus GS) obtained from the comparison of the five
ship of the NorthGRIP glaciological timescale (NorthGRIP

c.m., 2004). We thus consider our age markers as being Cor]r_ecords are summarized in Table 1. In the following we
sistent with ice flow conditions at the NorthGRIP site. imit our study to the sequence of events 24, 23, 22, and

21 since the EDML-NorthGRIP synchronisation lacks of ro-
We compare this new timescale with independentbust chronological constraints around GIS 25 (Capron et al.,
chronologies from other paleoclimatic archives (Table 1) and2010). The uncertainties associated with the durations of
this enables us to derive uncertainties associated with the dusIS/GS 24, 23, 22 and 21 represent less than 19% of the du-
ration of each GIS/GS succession over MIS 5. In the Northration of each DO event. This general agreement makes the

www.clim-past.net/6/345/2010/ Clim. Past, 6, 3365, 2010
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Table 2. North-South rapid events recorded in NorthGRIP and EPICA ice cores.

a NorthGRIP(Sle’OiCe amplitude mlsoice) at the onset of abrupt events (NorthGRIP c.m., 2004).

b Accompanying warming amplitude\(") estimated fron$1°N data with associated uncertainty.

€ Huber et al. (2006) and Landais et al. (2006) provide a quantification of abrupt temperature change through air isotopes measurements of
most of the rapid events over the last glacial period and our study provides new results of temperature estimates at the onset of GIS 21 anc
GIS 22.

d Spatial slope deduced at the onset of each rapid evemtas180;.o/AT. Note that at2.5°C uncertainty on temperature change is
translated to an error 0¥0.2 in the calculation od.

€ GS durations are give(l) on the GICCO05 age scale for GS 2 to GS 12 (Blunier et al., 2007; Svensson et al., @)@8) ss09sea age

scale for GS 18 to GS 20 (NorthGRIP c.m., 2004) &Bjbn the EDML-NorthGRIP synchronised timescale for GS 21 to GS 24 (Capron et

al., 2010). GS duration is defined by the interval between the midpoint of the stepwise temperature change at the start and end of a stadial
The errors associated with stadial duration are estimated by using different splines through the data that affect the width of the DO transitions
and are linked to visual determination of maxima and minima during transitions. No estimate of GS is given where the beginning of the GS
is hard to pinpoint due to the particular structure of events and the corresponding events are labeled with #.

f AIM warming amplitudes are given for the EDML ice core based on the temperature reconstruction of Stenni et al. (2010). AIM 22 is
damped after d-excess corrections and labeled as * (See Stenni et al. (2010) for details). The amplitude is determined following EPICA
c.m. (2006) from the Antarctiélgoice maximum to the preceding minimum of each event. Uncertainties on MIS 3 AIM amplitudes are
determined in EPICA c.m. (2006). For AIM events during MIS 2, MIS 4 and MIS 5, we consider that an errorb@d8fC encompasses

the uncertainty on the determination of the warming amplitude by using different splines through the data.

DO NGA$8O  NGAT NorthGRIP« GSA? EDML
(%o) @ (°c)® Referencé (%o/°C)d (yrs)® AM AT (°C)f Reference

2 3.9 410Q@:100(1) 2 2+0.4 This study

3 55 80Qt150(1) 3 0.6+0.2 EPICA c.m., 2006
4 4.9 160@:250(1) 4 1.84+0.2 EPICA c.m., 2006
5 4.2 900+150(1) 5 1.14+0.2 EPICA c.m., 2006
6 4.2 1000+150(1) 6 1.24+0.3 EPICA c.m., 2006
7 4.2 1300+250(1) 7 1.940.3 EPICAc.m., 2006
8 4.7 11(+3;-6) Huber et al., 2006 0.43 1800+150(1) 8 2.7+0.3 EPICAc.m., 2006
9 2.6 9(+3;-6) Huber et al., 2006 0.29 80@:150(1) 9 0.8+0.3  EPICA c.m., 2006
10 4 11.5(+3;-6) Huber et al., 2006 0.35 200@:-250(1) 10 1.4+0.2 EPICA c.m., 2006
11 5.4 15(+3;—6) Huber et al., 2006 0.33 1100+150(1) 11 1.5+0.4 This study

12 5.6 12.5(+3;-6) Huber et al., 2006 0.45 1600+150(1) 12 2.4+ 0.4 EPICAc.m., 2006
13 2.9 8(+3;—6) Huber et al., 2006 0.36 # 13

14 4.9 12+2.5 Huber et al., 2006 0.41 # 14

15 4 10(+3;—6) Huber et al., 2006 0.40 # 15

16 3.9 9(+3;-6) Huber et al., 2006 0.43 # 16

17 4 12(+3;-6) Huber et al., 2006 0.33 # 17

18 45 11425 Landais et al., 2004a 0.41 5200+100(2) 18 1.7+0.4 This study

19 6.7 16+2.5 Landais et al., 2004a 0.42 160@:150(2) 19 2.1+0.4 This study

20 6 11+£2.5 Landais et al., 2004a 0.55 120@:-15002) 20 1.5-0.4 This study

21 4.2 12+2.5 This study 0.35 3600+300(3) 21 4.2+0.4 This study

22 2 5+2.5 This study 0.40 # 22 * This study

23 3.3 106t2.5 Landais et al., 2006 0.33 140@:200(3) 23 2.4+0.4 This study

23a 3.8 300+60 (3) 23a 1+0.4 This study

24 5 16+2.5 Landais et al., 2006 0.31 1700+£100(3) 24 3+0.4 This study

25 1.9 25

possibility of a large (greater than 1.6 kyr) error in intersta- of 0.67%.-6180 per°’C in Greenland (Johnsen et al., 1989)
dial duration unlikely and provides a firm basis to confidently and 0.75%0$180 per°C in Antarctica (Lorius and Merlivat,
analyse the interstadial structure and pacing of these events977, Masson-Delmotte et al., 2008). This spatial slope,
over MIS 5. which results from air mass distillation processes, can be
used as a surrogate for the temporal slope and may vary
over time due to past changes in evaporation conditions or at-
mospheric transport. However, the ice isotopic composition
as a tool for past temperature reconstructions (Dansgaard,
The stable isotopic composition of precipitation at mid and 1964) has to be interpreted carefully. Indeed, the hypoth-
high latitudes is related to local air temperature through theesis of similar spatial and temporal slopes is only valid if
so-called spatial slope (Dansgaard, 1964) with an average

2.2 Past temperature reconstructions
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certain assumptions are satisfied, in particular those concern- TEmGRIP
ing the origin and seasonality of the precipitation (Jouzel et s} 21 2
al., 1997). -

s 38|

23 24

&

In fact, past Greenland temperature reconstructions based;s
on the spatial isotope-temperature slope have been chal-o
lenged by alternative paleothermometry methods such as (i) -2
the inversion of the borehole temperature profile (e.g. Dahl- | ﬂdz
Jensen et al., 1998; Cuffey and Clow, 1995; Johnsen et al.,
1995) and (ii) the thermal diffusion of air in the firn arising
during abrupt climate changes (Severinghaus et al., 1998).

-40 |-

(°%) ¥/4%0yQ-(°%) N¢1Q

-44

)

The quantitative interpretation @80;ce in term of tem- f “r 1,
perature variations using this spatial relationship leads to a’ “*[ 1. .
systematic underestimation of temperature changes (Jouzel, -} 1. ¢
1999). The amplitudes and shapes of temperature changes 1, 3
can be biased by past changes in precipitation seasonality , | ¢Epc 1,

(Fawcett et al., 1996; Krinner et al., 1997), changes in mois- -

ture sources during rapid events (Charles et al., 1994; Boyle, g <z} WMWWWW ]
1997; Masson-Delmotte et al., 2005a) and surface elevation WMWWWMWWWN\ 14

(2.) aus1V

(i.e. Vinther et al., 2009). o

In contrast, available information suggests that reconstruc- , . . . . . : :
tion of local surface temperature in Antarctic ice cores using 80000 0000 earsry 110000
the present-day spatial relationship between isotopic compo-
sition of the snow and surface temperature (“isotopic ther-gig 3. Greenland-Antarctic isotopic records between 75 and
mometer”) is correct, with a maximum associated uncer-109ka. (a) NorthGRIP§180;c¢ records (black curve, NorthGRIP
tainty of 20% at the glacial-interglacial scale (Jouzel et al.,c.m., 2004) 51°N measurements at the onset of GIS 21 (light blue
2003). As a consequence, the isotopic thermometer is comeurve, Capron et al., 2010), 22 (red curve, this study), 23 and 24
monly used to quantify past changes in temperature based offight green curve, Landais et al., 2006) afdAr measurements at
the stable isotopic composition measured in deep Antarcti¢he onset of GIS 21 (dark blue curve, this study), 23 and 24 (dark
ice cores (e.g. EPICA c.m., 2006; Jouzel et al., 2007). Moredreen curve, Landais et al., 2006)) EDML 5*0ice plot of ()
recently, a modelling study dedicated to the stability of the P29 sample data filtered on 100yr time step (black curve; EPICA
temporal isotope-temperature slope suggests that the clasgj:" 2006) and (ii) high-resolution data (a 50yr smoothing is per-

. . . . ormed on the 10 yr time step data, light grey curve, this study) and
cal interpretation of the ice core stable isotopes on EDC ma site reconstruction from Stenni et al. (2010, a 700 yr smoothing is

lead to an underestimation of past temperatures for periOdBerformed on the 100 yr time step data, dark grey cur(@)EDC

warmer than present conditions (Sime et al., 2009). 5180, plot of bag sample data filtered on 100 yr time step (black
. curve; Jouzel et al., 2007) andyE reconstruction from Stenni
2.2.1 Greenland temperature reconstruction et al. (2010; a 700yr smoothing is performed on the 100yr time

step data, dark grey curve). Shaded bands mark the sub-millennial
Measurements of the isotopic composition of nitrog#N) scale variability over MIS 5 GIS and their counterparts in Antarctica
and/or argon §*®Ar) from air trapped in ice cores provide (Rebound-type events, yellow; Precursor-type events, blue; GIS 24,
independent quantitative reconstructions of abrupt local temgreen).
perature changes (Severinghaus et al.,, 1998; Lang et al.,

1999; Severinghaus and Brook, 1999; Landais et al., 2004a, i . .
b, ¢; Huber et al., 2006). Trapped-aiN variations are ~ SNOW & warming of 16C +2.5°C and 16C £2.5°C, re-

only produced by fim isotopic fractionation due to gravita- SPectively (Landais et al.,, 2006). In the present paper, we
tional settling and thermal diffusion since atmosphé#y ~ complete the quantn;matlon of MIS 5 abrupt warming events
is constant over the past million years (Mariotti, 1083). The Pasedon %b“Sheﬂ N measurements (Capron et al., 2010)
combined use of'5N ands*°Ar data together with the mod- with new §49Ar data for the onset of GIS 21 and né#N
elling of physical processes (densification, temperature andn€asurements over GIS 22 (Fig. 3). Following the approach
gas diffusion) enable the estimation of abrupt surface tem©f Landais et al. (2004a), we find that the GIS 21 onset is

perature magnitudes with an accuracy of Z5(Landais Marked by a warming of H2.5°C while new high reso-
et al., 2004a). Table 2 and Fig. 2 display a synthesis ofulion gas measurements over GIS 22 reveal a wia

all availables'N-based temperature estimates for GIS am-Vvariation (0.063%) corresponding to a maximum warming
plitudes. Abrupt warmings of GIS 8 to GIS 17 vary be- @mplitude of §C (Fig. 3).

tween 8 to 15C (interval of uncertainty: +3/6°C; Hu-

ber et al., 2006). Over MIS 5, GIS 23 and 24 amplitudes
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Compared to the classical isotope-temperature relationto correct for the changes in moisture source conditions (e.g.
ship, the temporal slope between changes®0O and in  Stenni et al., 2001, 2010; Vimeux et al., 2002).

81°N-derived temperature at the onset of GIS events is sys- Here we use two different temperature reconstructions
tematically lower and varies from 0.29 to 0.55%a. Previ- to characterize AIM Warming amp“tudes in East Antarc-
ous studies suggest an effect of obliquity and ice-sheet on th@ca. First, new high resolution and already published EDML
temporals*80;ce/temperature slope mainly via the seasonal- 5180, and EDCs D profiles (Fig. 3) are corrected for global
ity of the precipitation and/or moisture source (Denton et al.,seawater isotopic composition (Bintanja et al., 2005) follow-
2005; Masson-Delmotte et al., 2005aij€kiger et al., 2008).  ing Jouzel et al. (2003) and then converted to past tempera-
Here, we do not find any systematic relationship between theures using the observed spatial slope of &.8%0;c per°C
evolution of the temporal slope and the long term evolutionfor EDML (Oerter et al., 2004) and 6.84D per°C for EDC
of components such as ice sheet volume or orbital param¢Lorius and Merlivat, 1977; Masson Delmotte et al., 2008).
eters. We suggest instead that the temporal slope and thushese temperatures are corrected for elevation variations and
seasonality and/or moisture source change at the GIS scaleghanges in ice origin (upstream and elevation correction; for
Note that the amplitude of temperature change at the onsdEDML: Huybrechts et al., 2007; for EDC: Parrenin et al.,
of the different GIS in NorthGRIP should not be used as a2007b).

quantitative reference for Greenland climate. As an exam- Secondly, we use the EDML and EDC temperature pro-
ple, NorthGRIP and GISP2, only 325 km apart, present dif-files derived using d-excess data recently published by Stenni
ferent temperature changes at the onset of GIS 19CI#hd et al. (2010). Based on isotopic profiles corrected for sea
14°C, respectively (Landais et al., 2004a; Landais, 2004).water isotopic composition and upstream effects, they esti-
These regional differences are probably due to a more conmate changes in source conditions and site temperature at
tinental climate at NorthGRIP as has been suggested by thgoth sites (Stenni et al., 2001; Masson-Delmotte et al., 2004).
comparison of GRIP and NorthGRE?®O;ce curves (North-  These site temperature reconstructions are expected to be
GRIP c.m., 2004). Indeed, it has been observed that the difmore robust because they account for changes in evaporation
ference ing*80;ce between NorthGRIP and GISP2 is highly conditions. However, for some rapid events, this “inverted”
correlated with past continental ice volume reconstructionstemperature is noisier and makes the beginning and the end
This suggests that larger ice sheets enhance the remoteneasisthe warming more difficult to identify (Fig. 3; Stenni et

of NorthGRIP from low latitudes air masses while Sum- a|.; 2010). Thus, both “classical” and “site” temperature re-

mit (GRIP/GISP2) is less affected by such continentality constructions are used for EDC and EDML to identify AIM
effect. Regional differences in moisture origin during the and associated warming amplitudes.

cur_rent interglacial_period have also been identified in deu_- The AIM temperature change amplitudes are presented in
terium excess profiles (Masson-Delmotte et al., 2005b). Fi-raple 2. We estimate a maximum uncertainty of@Chased

nally changes in ice sheet topography can also generate gy (j) the warming amplitude difference between the two re-
gional elevation changes impacting regional temperature atonstructions and (ii) the determination of the minima and
ice core sites (Vinther et al., 2009). However, these differ- ayima for Antarctic temperature changes. The moisture

ences modulate the regional expressions of climate variabilyq rection does not have any major impact on AIM ampli-
ity and do not prevent us to use the NorthGRIBOj¢ pro- tudes nor on their shapes.

file to qualitatively characterise the relative amplitudes and

. . : 0
shapes (Johnsen et al., 2001; NorthGRIP ¢.m., 2004). Note that Antarctic events with amplitudes of less than 1%o

(equivalent to 0.8C) remain delicate to interpret since cor-

rections based on deuterium excess profiles add noise to the
2.2.2 Antarctica temperature reconstruction temperature reconstruction. We choose hereafter to discuss
only small events that have a Greenland counterpart and to

; 180y, i
Few studies have used so far the gas fractionation paleothefgnore the other smaii=*Ojce fluctuations.

mometry method on Antarctic records (Caillon et al., 2001;

Taylor et al., 2004). Based o$t°N and §%°Ar data per-

formed on the Vostok ice core, Caillon et al. (2_901) estlr.nate3 Structure of MIS 5 abrupt climate variability
a temperature change at the MIS 5d/5c¢ transition consistent

within 20% of the classical interpretation of water stable iso- . ) )

tope fluctuations. In general, the smoother shape of millen-The exceptionally long duration of the GIS during MIS 5 re-
nial scale temperature changes prevents the use of the isyeals an additional variability within the classical GIS/GS
topic composition of the air to infer local temperature changeSuccession.  Three types of sub-millennial scale events
during AIM events using thermal diffusion. For Antarctic are identified: (i) short-lived and sharp warming preceding
temperature reconstruction, we thus use 8H0ice-based ~ GIS 21 and GIS 23, (i) abrupt warming during the cool-
method improved by using the deuterium excess data (ding phase of GIS 21 and (iii) abrupt cooling phases during

excesssD—8x8180,c; Dansgaard, 1964) which allows us CGIS 24.
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Fig. 4. (a)Short-lived sharp warming preceding GIS 21 recorded in
NorthGRIP§180;c (NorthGRIP c.m., 2004) anéf->N (Capron et
al., 2010) and in GISP&180;.¢ (Grootes and Stuiver, 1993)1°N
and CH;, (Grachev et al., 2007]b) Short-lived sharp warming pre-
ceding GIS 23 recorded in NorthGRB380;ce (NorthGRIP c.m.,
2004) CH, (Capron et al., 2010) ant#®N (Landais et al., 2006).

3.1 Precursor-type peak events

The NorthGRIP isotopic profile contains dramatic reversals

in 8180;c¢ before the two longest GIS of the entire glacial pe-
riod: GIS 21 and GIS 23 (Fig. 4). The first occurs within
200yrs with a 2.2%o variation i8180ice. After a short
(100yrs) return to cold conditions, GIS 21 onset occurs with
a 4.2%o increase i8'80jce. Such a precursor-type struc-

www.clim-past.net/6/345/2010/
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ture is also visible before GIS 23 onset: #¥0ic. rises

by 3.8%o0 in 125 yrs at~102.5 ka and then drops by 3.6%o in
100yrs (hereafter, denoted as GIS 23b). The return to stadial
conditions lasts-300 yrs beforé80;.c increases by 3%o at
the onset of GIS 23.

The occurrence of precursor events is confirmed by par-
allel §180;¢ variations measured in GRIP and GISP2 cores
(Johnsen et al., 1992; Grootes and Stuiver, 1997; Grachev et
al., 2007) and by their detection in high-resolution records of
815N data and Cl. The precursor-type peak event leading
GIS 23 exhibits a 200 ppbv variation in Gtnd a 0.050%o
rapid increase id1°N. The reversal prior to GIS 21 is weaker
in the NorthGRIFS180;c¢ profile (2.2%o) than GISP2 (3.4%o)
whereas NorthGRIBI®N data over this reversal indicate a
0.08%o variation in NorthGRIP comparable to #h#éN vari-
ation of 0.09%. measured in GISP2 (Grachev et al., 2007).

Note that these very shost®O variations are not only
visible during MIS 5. Indeed, the sequence of DO events
13 to 17 during MIS 3 is also extremely unstable with short
temperature peaks of 200—400 yrs accompanied by fast shifts
in CHy concentration (Blunier and Brook, 2001jiekiger et
al., 2004; Huber et al., 2006). This highlights that abrupt
climatic variability over the glacial period is more complex
than the millennial scale variations expressed by a GIS/GS
succession.

3.2 Rebound-type events

At the end of the regular cooling phase of GIS 23%0;ce
increases abruptly~2%o. in less than 100yrs) 1.2 kyrs be-
fore the sharp return to stadial conditions (Fig. 5). The large
scale imprint of the GIS 21 sub-event is detected through
GISP2 high resolution CiHdata (showing a 71 ppbv increase
in 140yrs; Grachev et al., 2009). This “rebound” pattern
is identical in8180;ce magnitude, duration and structure to
GIS 22. GIS 23 ends with a smooth cooling making it impos-
sible to clearly identify a GS 23 phase. Finally, the GIS 23-22
sequence of events shows exactly the same type of structure
as the one observed over GIS 21.

Rebound-type events are not only restricted to MIS 5 as
they are also occurring at the end of GIS 11, 12 and 16
(Fig. 5). GIS 13 also appears as a rebound event after the long
GIS 14 without a clear GS 14. These rebound-type features
are therefore recurrent over the glacial period and except for
GIS 11 and GIS 12, are associated with the precursor-type
events before GIS.

We also observe that rebound-type events are occurring
at the end of a particularly long cooling phase during the
GIS. Figure 5 highlights a linear link between the dura-
tion of GIS gradual cooling and the rebound event duration
from multi-millennial (e.g. sequence of GIS 22-23 events and
GIS 21) to few century timescales (e.g. GIS 11 and 16).

Clim. Past, 6, 3865 2010
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Fig. 5. (a) Sub-millennial scale climatic variability characterised by GIS preceded by precursor-type peak events, a rebound structure after
GIS regular cooling phase and rapid cooling phases during GIS 24 (NorthGRIP c.m., 200M)in86lation is superimposed to NorthGRIP
isotopic records (Laskar et al., 2004). Dotted grey arrows indicate the gradual GIS cooling phase followed by the abrupt warming depicted
as a “rebound” event(b) Linear relationship between GIS cooling phase duration and associated duration of the rebound with associated
uncertainties §2=0.95).

3.3 Abrupt coolings during GIS 24 been identified during GIS 24 (Capron et al., 2010) reflect-
ing significant changes of biosphere and hydrological cycles
o _ atthese short timescales (Landais et al., 2010).
GIS 24 presents a square wave structure beginning with  The very rapid climatic variability observed during the se-
an abrupt temperature warming of U8 (Landais et al., quence GIS 23-24 with rapid events occurring in addition to
2006) and ending 3.2 kyrs later by a sudden return to stadiglhe classical succession of GIS and GS, shares some similar-
conditions (Fig. 6). The warm phase is punctuated by rapidjes with the sequence of GIS/GS 15-17 that include 6 to 8
cold events i.e. the slo#'®Oice decrease is interrupted by jngividual warming events depending on what one counts as
a first drop 0f§*80jce by 3%o lasting 200 yrs before a return 5 gistinct warming event (Fig. 2).
to |nterstad|alr31.80ice level. A second cooling phase occurs e particularity of GIS 24 is that the first short cold spell
500yrs later with a 2'5%3'180i09 decrease. Finally, a sta- ccyrs only~1380yrs after the beginning of the GIS. The
ble phase is observed with a duration of 500 yrs followed by yeneral picture of sub-millennial variability for this period
the final return to stadial conditions in less than 200 yrs. The,s thus one of a cold event interrupting a long warm phase
abrupt changes '_&lsoice are due to changes in surface tem- ()s). By contrast, the later sub-millennial variability is bet-
perature as confirmed by the associated two 0.04%. drops i described in terms of brief warm events (GIS or pre-
8*°N coincident withs**Ojce abrupt variations (Fig. 6). cursor events) interrupting a long glacial phase (GS). With
The first rapid cooling over GIS 24 appears to be accom-this view of a sharp cold spell interrupting a rather long
panied by low latitudes counterparts as documented by a siwarm phase, the sub-millennial variability of GIS 24 can
multaneous drop in CHconcentration over 150-200yrs. In only be compared with the 8.2 ka-event that occurred at the
addition, sub-millennial scale variations %20 of O, have  beginning of the Holocene (Alley et al., 1997; Leuenberger et
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Age (years BP) resolution in the EDML518.OiCe profile (ii) the damping of
102000 104000 106000 108000 Greenland temperature signals when transferred to Antarc-
1 1

‘ tica through the Southern Ocean.
NorthGRIP GIS 24
onset
a8l : 4 Discussion
‘\' 40 4.1 Millennial to sub-millennial scale GIS variability
(o) 1
o I The detailed analysis of the long GIS of MIS 5 provides
421 evidence for sub-millennial scale variations during these
phases. During GIS 21 and GIS 23, we depict a specific
< 700f ] structure composed of a precursor-type warming event lead-
‘g -o0.48 ing the GIS and a “rebound-type” abrupt event before the
=, 600} 1 o GIS abruptly ends. Such a structure is recurrent during MIS 3
5 104 =2 at shorter timescales and Fig. 5 displays a linear relationship
500 ] 0.32 g between the durations of the “rebound-type event” and of the
- ’ preceding GIS regular cooling.
321 Inspired by the factors previously proposed for explain-

. . o ing the classical DO variability, we present here some of
Fig. 6. GIS 241f5600rd9d in NorthGRlPl Oice (black, NorthGRIP  the possible mechanisms for favouring these additional sub-
c.m., 2004),6°N (blue; Landais et al., 2006) and GHgreen,  mjjlennial scale features: (i) ice sheet size controlling iceberg

Capron et al., 2010). Red dotted line marks the synchronous onseg: : )
of GIS 24 recorded in both ice and gas phases. Yellow shaded banfﬁslscharges (MacAyeal, 1993) and the North Atlantic hydro

highlight abrupt coolings which interrupt the interstadial phase. oglcgl cycle (Eisenman et al, 20.09) and (ii) @msmaﬂon .
affecting temperature, seasonality, hydrological cycle and ice

sheet growth in the high latitudes (e.g. @allet al., 1992;

al., 1999; Kobashi et al., 2007; Thomas et al., 2007). ThesecrUC'f'X and Loutre, 2002; Khodri et al., 2003;tfekiger et

two cold events occur during two different periods of transi- al., 2004). Note that these influences may also be enhanced

tion (glacial inception for the cold events of GIS 24, end of through feedbacks. In particular, sea ice extent variations are

deglaciation for the 8.2 ka-event), but both at a time when iceOften given as trigger (Wang and Mysak, 2006) or amplifiers

sheets are relatively small. The AMOC during transitional (Liet a_I., 20.05) of abru_pt warming events.

. . . - i . We first discuss the link between the occurrence of the sub-
periods is expected to be subject to rapid instabilities leading__. . o .

. . s e illennial variability and the ice sheet volume. The length of
to sub-millennial variability because of strong modifications : .
. X . ) the GIS displayed on Fig. 5 appears to be related to the mean

of the freshwater input linked to (i) freshwater discharge (vonsea level with the lona GIS 23 and 21 being associated with
Grafenstein et al., 1998; Clarke et al., 2004) and/or (ii) en- 9 9

hanced precipitation (Khodri et al., 2001) and favoured bythe h|ghest sea level while G.IS 11,12, 1Af and 16 are assocl-
. . ated with lower sea level during MIS 3 (Fig. 1). Such a link
small ice sheets (Eisenman et al., 2009).

between the GIS length and sea level is expected from a sim-
ple Binge-Purge mechanism (MacAyeal, 1993): largest ice-
sheets are expected to be easier to destabilize. However, such
a Binge-Purge mechanism is unlikely to explain the existence
of sub-millennial scale climatic events during sequences of
L;vents 21-24 and 15-17 since they occurs during relative ice
Sheet volume minima (Bintanja et al., 2005). A more plausi-
dble mechanism for these precursor events would be that the
smaller ice sheets as observed during MIS 5 (equivalent to
sea level of about 20 to 60 m above present sea level; Bin-
tanja et al., 2005) are more vulnerable than large ice sheets

fve t i . dina to AIM 24. th observed during MIS 2-3-4 (sea level between 60 and 120 m
afive temperature maximum corresponcing to + € above present sea level; Bintanja et al., 2005) to local radia-

general trend shows a regular decrease interrupted by a 1 k)ﬂ've perturbations. If so, a strong 68 summer insolation

plateau that may correspond to the short cold spell OCCUMINGy uld lead to intermittent freshwater outputs and trigger fast

during GIS 24 (Fig. 3). ) ) . changes in the AMOC intensity.
Note that we do not identify an Antarctic counterpart to

the cold phase between the precursor and GIS 21 (Fig. 3).
Two hypotheses could explain such a result: (i) a lack of

3.4 Antarctic sub-millennial scale variability

The new detailed'80;ce measurements on the EDML ice
core allow the identification of an Antarctic counterpart to
the stadial phase between the precursor and GIS 23,asal
8180;ce variation within a few decades (Fig. 3). This AIM
shows a~1°C temperature increase simultaneous to the col
Greenland phase lastingd00 yrs. As for the rapid variabil-
ity during GIS 24, Antarctié®0jce and Tsjte reconstructions
also exhibit sub-millennial counterparts. After reaching arel-
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The influence of the Milankovitch insolation forcing on
the sub-millennial variability can also be explored (Fig. 5).
During MIS 5, the GIS 21 precursor-type event and GIS 24
are both in phase with two relative maxima in summertime
insolation at 65N. GIS 23 precursor-type event occurs dur-
ing a relatively strong 65N insolation and lags the preced-
ing insolation maximum by only-2.5 kyrs (Fig. 5). During
MIS 3, we again observe that precursor-type events GIS 14 §

plitude (°C)

and 16 are associated with secondary insolation maxima. Ons ,

the contrary, GIS 11 and 12 are not preceded by a precursors
and occur at a time without a marked anomaly if BSum-

mer insolation. Our data therefore suggest a link between
high 65 N insolation and the presence of a sub-millennial
scale climatic variability in addition to the GS-GIS succes-
sion. This hypothesis also applies to the last deglaciation.
Indeed, centennial-scale variations in the NorthG&Rfi®;ce
profile are superimposed to the Bglling-Albel warm phase

AIM w

4
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followed by the Younger-Dryas cooling (&ick et al., 1998)
while the 65 N insolation during those events is equivalent Fig. 7.
to the one observed during the sequence of events 15-17.

Finally, rebound-type events tend to be associated with
long GIS intervals characterized by a slow cooling. We spec-
ulate that the rebound at the end of the GIS could be ex-
plained by an enhancement of the AMOC. Indeed, a pro-
gressive cooling could increase sea ice formation and reduce
precipitation amount/runoff, increasing salinity in the North
Atlantic region.

— Greenland stadial durations versus AIM warming amplitude
over the last glacial period (MIS 5: red diamond, MIS 3:
blue diamond, MIS 4: green diamond, MIS 2: brown di-
amond). Associated uncertainties are determined following
EPICA c.m. (2006). Numbers indicate the corresponding
AIM and DO events.

— Linear relationship for MIS 3 events established in EPICA
c.m. (2006; light grey line).

— Evolutions of the relationship between Greenland stadial du-
rations and AIM warming amplitudes inferred from the con-
ceptual model for a thermal bipolar seesaw (Stocker and
Johnsen, 2003; Eq. (1)) depending on (i) different character-
istic timescales (500yrs, thin curve; 1000yrs, dotted thick
curve; 1500yrs, thick curve) and (ii) different values for
Tn (—1/+1 amplitude, black curves;2/+2 amplitude; yellow
curves).

4.2 The bipolar seesaw pattern

In the above discussion, we described rapid climatic varia-
tions over Greenland. Here, we use our common dating of
Antarctic and Greenland ice cores to study the north-south
millennial scale variability over the whole glacial period and
test the general applicability of the conceptual thermal bipo-
lar seesaw of Stocker and Johnsen (2003) especially over the
new types of rapid events identified over MIS 5.
does not apply for DO/AIM events 2, 18 and 21. In fact,
these DO exceptions are all preceded by exceptionally long
cold periods in the NorthGRIP record. Exceptionally high
Synchronised EDML and NorthGRIP isotopic records em-temperature amplitudes would be expected from the linear
phasized the close link between the amplitude of MIS 3 AIM regression as a GS duration of 4 kyr would correspond to an
warming and their concurrent stadial duration in GreenlandAIM warming of ~5°C, much stronger than the observed
(EPICA c.m., 2006). To complete this description we havewarming amplitude of the AIM 2, 18 and 21.
added on Fig. 7 DO/AIM 2, 21, 23 and 24 using our MIS 5  This shows that for extraordinarily long stadial durations
timescale (EPICA c.m., 2006; Capron et al., 2010). Finally,the linear relationship between the stadial duration and the
DO/AIM events 18, 19 and 20 have also been added despitaccompanying Antarctic warming amplitude is not longer
a lack of precise north-south common age scale over this pevalid. This feature is indeed expected from the bipolar
riod (Fig. 8). seesaw concept (Stocker and Johnsen, 2003; EPICA c.m.,
EPICA c.m. (2006) reveal a linear dependency betweer2006). Stocker and Johnsen (2003) predict that for long pe-
the amplitude of the AIM warming and the duration of the riod of reduced AMOC (equivalent to GS duration in their
concurrent stadial in the north for the shorter GIS and GSmodel) a new equilibrium is reached and the Antarctic warm-
events during MIS 3. We observe that the linear fit es-ing would eventually end. This type of situation could be rel-
tablished over MIS 3 also captures the characteristics okvant for the long DO/AIM 21, while DO/AIM events during
DO/AIM events 19, 20, 23 and 24 (Capron et al., 2010) butMIS 3 may be too short for an equilibrium to be reached.

4.2.1 Millennial scale variations
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Fig. 8. (a) EDML ATt (Stenni et al., 2010) over AIM 2 and the sequence of events from AIM 18 to AIM 20. All are presented on the
EDMLL1 timescale (Ruth et al., 2007]b) NorthGRIPSlBOiCe over 20—28 ka: GICCO5 timescale (Svensson et al., 2008); over 63—-79 ka:
ss09sea glaciological timescale (NorthGRIP c.m., 2004). Red Arrows represent warming durations of AIM 2 and AIM 18 and blue arrows
represent GS 3 and GS 19 durations.

Here, we make a sensitivity test for the seesaw modeto simulate the behaviours of all events of the glacial period
in our case using the equation developed in Stocker anavith a fixed amplitude foffy even with very large modifica-
Johnsen (2003): tions of .

Our analysis suggests that larger amplitudesTigrare
needed to explain the Antarctic behaviour when ice sheets

WhereATS (t) represents the time_dependent temperatur@.re smaller. HOWeVer, one should be cautious with such inter-
variation in the Southern Hemispheltei’s the characteristic pretation since it is based on the hypOtheSiS that the Antarctic
timescale of the heat reservoir in the Southern Hemispherd€mperature reflects the change in the Southern Ocean. This
Ty denotes the time-dependent temperature anomaly of thElay not be systematically true. Indeed, AIM events can be
northern end of the bipolar seesaw. This equation predictéi”ked to millennial scale temperature variations in the sub-
the southern temperature in response to climate signals igntarctic surface waters (Pahnke et al., 2003) and a recent
the North Atlantic region. The integral form associated with Study based on a marine sediment core from the Southern
a characteristic time for the southern heat reservoir per- Ocean shows that, while the amplitude of AIM 21 is clearly
mits to describe the dampened temperature changes in tHarger than the amplitude of AIM 23 in EPICA ice cores, the
Southern Ocean in response to abrupt temperature changest{0 respective Sea Surface temperature (SST) increases have
the North Atlantic. Following Stocker and Johnsen (2003), athe same magnitude (Govin et al., 2009). As a consequence,
value of—1 for Ty stands for a GS associated with an “off” this change in Antarctic behaviour in regard to rapid variabil-
mode of the AMOC. To model the abrupt GS/GIS transi- ity of SST can be explained by variations in the heat trans-
tion associated with resumption of the AMOTy changes ~ Mission from Southern Ocean SST signals to the interior of
from —1 to +1. A characteristic timescateof about 1000— Antarctic from one rapid event to the other. Such variations
1500yrs has been determined to fit the Byrd temperaturénvolve many further processes e.g. ocean-atmosphere heat
curve using the GRIP data as input. fluxes, polar vortex position, sea-ice formation, ice sheet al-
On Fig. 7, we displayAT's simulations obtained with (i) titude that are in part related to ice sheets volume (Rind et
changes infy of —1/+1 and—2/+2 and (i) varying be- @l 2001; Velinga and Wood, 2002).
tween 500 and 1500yrs. The different results clearly illus- The specific behaviour observed for AIM 2 and AIM 18
trate a saturation level reached in the south when Greenlani$ not consistent with the same thermal bipolar seesaw pat-
stadials are particularly long (more than 2000yrs). The sim-tern (Fig. 8). In fact, AIM 2 and AIM 18 warming periods
ulations with the largesiiy amplitude 2/+2) permit to fit  are shorter than the corresponding northern stadial phases,
the AIM amplitude/NorthGRIP stadial duration for MIS 5 ~700yrs for each instead of GS durations of 4kyrs and
events, DO/AIM 8, 12 and 19. However, it is impossible 5kyrs, respectively. This highlights that Antarctic warming

ATs(t)=—1/t)  [JITnG —1")e " /T 1dt’ 1)
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does not systematically start with the beginning of a GS.
Climate conditions of MIS 2 and MIS 4 were particularly

cold as recorded in both marine (Bond et al., 1993; Chapman
and Shackleton, 1998; de Abreu et al., 2003) and terrestrial
records (e.g. Genty et al., 2003, 2006) and associated with | a. 1. 138
vast ice sheets (Waelbroeck et al., 2002). Numerous studies B |[ N

DO/AIM 23

have already shown that millennial scale climatic variabil-
ity was reduced during MIS 2 and MIS 4 in relation with ice
sheet volume (e.g. McManus et al., 1999; Schulz et al., 2002;
Wang and Mysak, 2006; NorthGRIP c.m., 2004; Margari et B — 71T {40
al., 2010). Our study suggests that the bipolar seesaw was B
also affected during these cold periods.

. . . T

Several explanations can be proposed for this particular B s
see-saw pattern: a first possibility could be that the expansion :
of the Antarctic ice sheet and sea-ice during these two par- [

ticular periods would increase the isolation of Antarctica and
therefore decrease the heat received by the continent from -10
the Southern Ocean (Levermann et al., 2007). A second b. EDML i
possibility is linked to the AMOC activity. Marine records -44 |-

have revealed that the AMOC structure and dynamic was dif- -
ferent over MIS 4 and end of MIS 2 compared to MIS 3 and
MIS 5 in both hemispheres (e.g. Gherardi et al., 2009; Govin
et al., 2009; Guihou, 2009). This particular configuration
may have lead to an AMOC not strictly in an “off” mode
during the whole GS. The AMOC might have been signifi-
cantly reduced for the entire cold period in the north during
GS 3 and 19 but could have collapsed just a few hundred

| c.EDC
-4
years before the end of the cold phase. a 1
: N -{-6
4.2.2  Sub-millennial scale variations o M |
| | | | |

—-38

(°%) *'0s.Q
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N
(9.) ™1V
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In Sect. 3.3, we have shown that an Antarctic counterpart ex-

ists for the sub-millennial variability recorded in Greenland. 8000 6000 4000 2000 0

This is especially obvious for GIS 23b. When displaying the Relative Age (years BP)

amplitude of the Antarctic warming against the duration in

the Greenland cold phase (Fig. 7), we find that it is consis-Fig. 9. (a) North-south time-series generated through the concep-

tent with the curve representing MIS 5 events. This resulttual thermal bipolar seesaw model (Stocker and Johnsen, 2003) for

highlights that even at sub-millennial scale, the bipolar see-GIS 23 associated with the precursor event. Different configura-

saw model of Stocker and Johnsen (2003) is still valid. ti(l)gs of the northern perturbfs_\tioﬂm, superimposed to NorthGRIP
Using an amplitude of:2 for 7y and a characteristic 8 Oi_ce data) are used to _S|mulz_ate the response of the Southern

timescale of 1000 yrs for the heat reservoir turned out to bet'_iem's'Ohe.re {s). One configuration (dark grey curve) represents

the best way to describe MIS 5 rapid events. We thus appl he evolution ofTg in response td}y that corresponds to an “on-

. . . . Yoff” signal with 1150 years off (amplitude-2) and 7340 years
this tuning for generatings curves corresponding to the sub-  , (ampiitude +2). Two additional configurations (blue and red

millennial scale structures highlighted during MIS 5 (GIS 24 ¢yrves) are superimposed to illustrate the thermal bipolar seesaw

and 23). pattern at a sub-millennial scald} is structured as an “on-off”
When we use a stadial duration o0f1150yr with signal with 1150 years off (amplitude2), 240 years on (red curve,

a ~300yr cold phase between the precursor type pealamplitude +2; blue curve, amplitude +1), 300 years off (amplitude

event and the main abrupt warming, the conceptual modet-2) and 6800 years on (amplitude +2p) EDML high-resolution

reproduces the same singular structure in the Antarctic coundata (a 50yr smoothing is performed on the 10yr time step data,

terpart as observed in the data (Fig. 9). light grey curve, this study) andgile reconstruction from Stenni

We then construct a time-series corresoonding to et al. (2010, a 700yr smoothing is performed on the 100yr time
GIS 24 characterised by an abrup?ﬁcooling pphaseglastin gtep data, dark grey curvelt) EDC&"%0rce (grey step curve) and

200yr (Fig. 10). We observe a plateau interrupting theg[sitereconstruction (dark grey curve; Stenni et al., 2010).

regular cooling phase after AIM 24 as depicted by the
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temperature reconstruction of both EPICA cores. Results ob-
tained on both events 23 and 24 emphasize the ability of the
model tuned on MIS 5 to explain the sub-millennial scale
DO/AIM 24 variability depicted in Antarctic isotopic records.

-36 |-

using the NorthGRIP and EPICA ice cores. We used new
and published measurements of air isotopic composition in
Ts | the NorthGRIP ice core to compare the local amplitudes of
temperature changes for GIS of MIS 5 and MIS 3. A study
of the §180;co/temperature slope at the onset of each rapid
event shows a strong variability from one GIS event to an-

42

I Tn ]
g -38|- ] 5 Summary and perspectives
:Q -a0} i In this paper, we present the most recent and accurate
] A Greenland—Antarctica common dating over the last 123 ka

] other but no systematic difference between MIS 3 and MIS 5

A s events. For Antarctica, we have combined new and published
i} .EDC water isotope records to present detailed temperature recon-
| . structions of Antarctic temperature based on EPICA isotopic
- records.

i 13 NorthGRIP records enable us to depict the sub-millennial
T | scale variability during the GIS of MIS 5 and thus, to high-

light new type of features (GIS 21, 23) observed also dur-

156 ing MIS 3 (GIS 11, 12, 13-14, 16). These new patterns ap-
pear as (i) precursor-type events prior to the onset of GIS (ii)
rebound events at the end of GIS and (iii) centennial-scale
cooling during the long and warm GIS 24. In addition to the
internal forcing of ice-sheets on the climatic evolution dur-
ing these events, we have proposed the external influence
of the summertime insolation at 8Bl. Disentangling the
main processes leading to these sub-millennial scale struc-
tures (ice-sheet, insolation, sea-ice, and hydrological cycle
0002000 2000 02000 forcing) will require dedicated modelling studies. Through

Relative Age (years BP) our results, we assume that orbital-scale variations play a
role in rapid climate change but, also, the millennial-scale

Fig. 10. (a)North-south time-series generated through the (:on-\/_"’lr'ab'“,ty may hold clues to the long term climatic changes

ceptual thermal bipolar seesaw model (Stocker and Johnsen, 2004)-€- Weirauch et al., 2008; Wolff et al., 2009b).

for GIS 24. Different configurations of the northern perturbation ~Comparing Antarctic and Greenland behaviour over the
(TN, superimposed to NorthGRIF8O;.. data) are used to sim- succession of AIM/DO back to MIS 5 provides a more com-

ulate the response of the Southern Hemisph@gg. (One config-  plete description of the bipolar seesaw pattern. As expect
uration (dark grey curve) represents the response of the Southerffom the bipolar seesaw concept, a linear relationship be-
Hemisphere{s) to 7y that corresponds to an “on-off” signal with - tyeen AIM amplitude and preceding GS duration only holds

1400 years off (amplitude 2), 3330 years on (amplitude +2) and 5 shorter events, while for extraordinary long GS a new

700 years off (amp”tu.dez)' Two pther configurations (b!ue and poat flux equilibrium between the Northern and Southern
red curves) are superimposed to illustrate the thermal bipolar Seeﬂemisphere is obtained (EPICA c.m., 2006, Stocker and
saw pattern at a sub-millennial scal is structured as an “on-off” o ’
signal with 1400 years off (amplitude2), 1590 years on (ampli- Johnsen, 2003) and the Southern Ocean warming ceases. The
tude +2), 200 years off (red curve, amplitudé; blue curve ampli- conce_ptual model of Stocker and Johnsen (2003) for a.thr-.jr—
tude 0), 1530 years on (amplitude +2) and 700 years off (amplitudéMal bipolar seesaw is able to represent most of the variabil-
—2). (b) EDC 8180y (Jouzel et al., 2007) ariflereconstruction ity of the north-south relationship depicted in Greenland and
(Stenni et al., 2010)(c) EDML §180;.¢ (EPICA c.m., 2006) and  Antarctic isotopic records, even at sub-millennial timescale.
Tsitereconstruction (Stenni et al., 2010). However, it is not able to depict the delay of Antarctic warm-
ing after the beginning of the GS during the periods associ-

ated with large ice sheets (i.e. during MIS 2 and the end of
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MIS 4). It shows that Greenland ice core temperature proxyBender, M., Sowers, T., Dickson, M. L., Orchardo, J., Grootes, P.,

records cannot be taken as direct proxy for AMOC changes Mayewski, P. A., and Meese, D. A.: Climate Correlations be-

as suggested from the conceptual model. tween Greenland and Antarctica during the Past 100 000 Years,
To go beyond our description and the conceptual model Nature 372, 663-666, 1994.

of Stocker and Johnsen (2003), the new types of DO event§intania, R., van de Wal, R. S. W,, and Oerlemans, J.: Modelled

identified during MIS 5 should be studied with more complex a_ltmospherlc temperatures and global sea levels over the past mil-

models (e.g. Ganopolski and Rahmstorf, 2001; Knultti et al. lion years, Nature, 437, 125-128, 2005,

h e ! 'Bjorck, S., Walker, M. J. C., Cwynar, L. C., Johnsen, S., Knudsen,
2004). This would allow quantification of the influence of JK_ L Lowe. J.J. and Wohlfa)l:th B.: An event stratigraphy for

insolation, ice-sheet volume, sea-ice and hydrological cycle the | ast Termination in the north Atlantic region based on the
on sub-millennial-scale variability (precursor and rebound  Greenland ice-core record: a proposal by the INTIMATE group,

events). This should provide also a better understanding of J. Quaternary Sci., 13, 283-292, 1998.

the response of Antarctica to these types of events.
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