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Abstract 22 

Numerous ice core records are now available that cover the last glacial cycle both in 23 

Greenland and in Antarctica. Recent developments in coherent ice core chronologies now 24 

enable us to depict with a precision of a few centuries the relationship between climate 25 

records in Greenland and Antarctica over the millennial scale variability of the last glacial 26 

period. Stacks of Greenland and Antarctic water isotopic records nicely illustrate a seesaw 27 

pattern with the abrupt warming in Greenland being concomitant with the beginning of the 28 

cooling in Antarctica at the Antarctic Isotopic Maximum (AIM). In addition, from the precise 29 

estimate of chronological error bars and additional high resolution measurements 30 

performed on the EDC and Taldice ice cores, we show that the seesaw pattern does not 31 

explain the regional variability in Antarctic records with clear two step structures occurring 32 

during the warming phase of AIM 8 and 12. Our Antarctic high resolution data also suggest 33 

possible teleconnections between changes in low atmospheric circulation and Antarctic 34 

relationship without any Greenland temperature fingerprint.        35 

 36 

1. Introduction  37 

This introductory section summarizes the history of the identification of the bipolar seesaw 38 

pattern from Greenland and Antarctic ice cores (section 1.1), and the ongoing debate on its 39 

causes and mechanisms, combining information from other natural archives, conceptual 40 

models, and a hierarchy of climate models (section 1.2). From these open questions, it 41 

motivates the need for improved chronological constraints and high resolution, synchronized 42 
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climate records documenting the spatial structure of changes in Greenland and Antarctica. 43 

The last section 1.3 finally explains the structure of this manuscript. 44 

1.1 Identification of the bipolar seesaw pattern from Greenland and Antarctic ice cores 45 

Abrupt events punctuating climate variability of the last glacial period have been identified 46 

worldwide in highly resolved terrestrial, marine and ice core records (Voelker, 2002; Clement 47 

and Peterson, 2008). Since the 1960s, successive deep Greenland ice core records have 48 

provided continuous and extremely highly detailed records of climate variability, now 49 

encompassing the whole last glacial period, from 116 000 to 11 700 years ago recorded in 50 

GRIP (Dansgaard et al., 1993), GISP2 (Grootes et al., 1993), NorthGRIP (NorthGRIP comm. 51 

members, 2004) and NEEM ice cores (NEEM comm. members, 2013). During this time 52 

interval, 25 rapid events, called “Dansgaard-Oeschger events” (hereafter DO events), have 53 

been identified in numerous measurements performed along these Greenland ice cores 54 

(NorthGRIP community members, 2004). Greenland abrupt temperature variations are 55 

qualitatively recorded at high resolution in water stable isotopes, while their magnitude is 56 

estimated using the thermal fractionation of gases inside the firn with an uncertainty of 57 

~2 °C (Severinghaus and Brook, 1999; Kindler et al., 2014). Lasting a few centuries to a few 58 

millennia, DO events are characterized by the succession of a cold phase (Greenland Stadial, 59 

GS), an abrupt warming of 5 – 16 °C in a few years or decades, followed by a warm phase 60 

(Greenland Interstadial, GI) marked by a gradual cooling before a relatively abrupt cooling 61 

into the next GS, taking place within a few centuries. The widespread extent of DO events is 62 

reflected in parallel changes in the atmospheric composition (CH4 concentration, as well as 63 

inflexions in the atmospheric 18O of O2, hereafter 18Oatm) (Chappellaz et al., 1993; 2013; 64 

Landais et al., 2007). The strong abrupt temperature and CH4 increases occur in phase, 65 
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within 10 years (Severinghaus et al., 1998; Rosen et al., 2014). This abrupt variability in the 66 

atmospheric composition, being recorded in the air trapped in Greenland and Antarctic ice 67 

cores, has provided a critical tool for the transfer of the accurate Greenland age scales based 68 

on annual layer counting towards Antarctic ice core chronologies (Blunier et al., 1998; 69 

Schüpbach et al., 2011).  70 

Since the 1970s, East Antarctic ice cores have also depicted millennial climate variability 71 

during the last glacial period, albeit with limitations in temporal resolution emerging from 72 

lower accumulation rates, and less accurate chronologies when annual layer counting is not 73 

possible. In Antarctic water stable isotope records, this millennial variability is marked by 74 

Antarctic Isotopic Maxima (AIM), initially identified in the central East Antarctic plateau as 75 

symmetric gradual isotopic enrichment (warming) and depletion (cooling) trends. Using a 76 

first synchronization of the Greenland GRIP and GISP2 ice cores with the Antarctic Vostok ice 77 

core through the alignment of 18Oatm, Bender et al. (1994a) evidenced a recurrent 78 

relationship between Greenland and Antarctic water stable isotope millennial events for the 79 

nine longest GS. This Greenland and Antarctica pattern was also shown in parallel by Jouzel 80 

et al. (1994). A refined synchronization of Greenland (GISP2) and Antarctic (Siple Dome) ice 81 

core records was built by Blunier et al. (1998) and Blunier and Brook (2001) based on the 82 

alignment of CH4 records over the last 90,000 years. 7 main Antarctic warm events were 83 

identified (called A events) as Antarctic counterparts of major Greenland DO events. During 84 

each of these 7 events, Antarctic temperatures increased gradually during GS, and the end 85 

of Antarctic warming coincided with the onset of rapid warming in Greenland.  86 

Using higher resolution data as well as an improved synchronization, it has been further 87 

evidenced that each DO event has an Antarctic Isotopic Maximum counterpart (EPICA comm 88 
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members, 2006; Jouzel et al., 2007), except for the first DO event of the last glacial period 89 

identified in the NorthGRIP ice core, DO25 (Capron et al., 2012). The same bipolar 90 

characteristic was also identified at the sub-millennial scale, during GS precursors of DO, or 91 

rebound events at the end of GIS, lasting only a few centuries (Capron et al. 2010a), albeit 92 

with the restrictions associated with the accuracy of the chronology, a few hundred years at 93 

best. 94 

While there is growing evidence for the recurrence of abrupt climate change with similar 95 

characteristics during earlier glacial periods from high resolution Antarctic, terrestrial and 96 

deep sea records (e.g. Loulergue et al., 2007; Mc Manus et al., 1999; Martrat et al., 2007; 97 

Barker et al., 2011; Lambert et al., 2012), we will focus here on the last glacial period for 98 

which the bipolar structure of events can be accurately characterized from high resolution 99 

and well dated records at both poles. 100 

1.2 Causes and mechanisms of the bipolar seesaw 101 

In parallel to ice core records highlighting millennial scale variability during the last glacial 102 

period, deep-sea sediments from the North Atlantic have revealed the recurrence of iceberg 103 

rafted debris in marine cores during GS, associated with iceberg discharges from glacial ice 104 

sheets, changes in sea ice extent, surface temperature and salinity, and reorganisations of 105 

the thermohaline circulation (e.g. Labeyrie et al., 1999; Grousset et al., 1993, McManus et 106 

al., 1998; Broecker et al., 1992; Bond et al., 1992; Heinrich, 1988; Elliott et al., 2002). Six 107 

major iceberg discharge episodes were identified as Heinrich events, corresponding to 108 

collapses of the Laurentide and/or European ice sheets (see review by Hemming, 2004). A 109 

Heinrich stadial was therefore defined as a Greenland cold phase during which a Heinrich 110 
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event occurred (Barker et al., 2009; Sanchez-Goñi and Harrison, 2010). This feature led to 111 

the hypothesis that cold phases during Heinrich events (and, implicitly, all GS) were caused 112 

by changes in large scale Atlantic ocean circulation, driven by massive inflows of freshwater 113 

linked with glacial ice sheet collapses (e.g. Ganopolski and Rahmsdorf, 2001; Paillard and 114 

Labeyrie, 1994; Broecker, 1991).  115 

During the last decade, glacial abrupt events have been investigated using coupled ocean-116 

atmosphere models of varying complexity (e.g. Kageyama et al., 2013, Stouffer et al., 2006). 117 

Several aspects of the observed patterns can be captured through the response of the Earth 118 

system to imposed freshwater perturbations in the North Atlantic (Liu et al., 2009; 119 

Ganopolski et al., 2001; Kageyama et al., 2010, Roche et al., 2010), mimicking Heinrich 120 

events. Depending on the background state of the climate (glacial or interglacial, orbital 121 

context…), of the simulated Atlantic Meridional Oceanic Circulation (AMOC), and the 122 

magnitude of the freshwater forcing, these models can produce a complete shutdown of the 123 

AMOC (Heinrich-like state) or a reduction of the strength of the AMOC (GS-like state) (e.g. 124 

Menviel et al., 2013). In all models, the injection of freshwater robustly produces a 125 

significant cooling of the North Atlantic region. The amplitude of the associated temperature 126 

change is probably affected by the simulated change in sea-ice extent and feedbacks 127 

between sea-ice and temperature that vary in the different models (Kageyama et al., 2013). 128 

These hosing experiments also produce an inter-hemispheric seesaw temperature pattern 129 

and impacts on the position of the intertropical convergence zone, hereafter ITCZ (e.g. Dahl 130 

et al., 2005; Broccoli et al., 2006; Krebs and Timmermann, 2007; Swingedouw et al., 2009) 131 

through changes in meridional heat transport. In response to freshwater forcing, climate 132 

models simulate a decrease of the NADW (North Atlantic Deep Water) export and a possible 133 
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increase of the AABW (Antarctic Bottom Water) export in the Southern Ocean (Rind et al., 134 

2001). The alternation between NADW and AABW formation is supported by 135 

paleoceanographic deep circulation tracers (e.g. review by Adkins, 2013), as well as by 136 

changes in 14C of CO2 measurements (Broecker, 1998; Andersen et al., 2009). The different 137 

models confirm the robustness of the bipolar seesaw signature of the climate response to 138 

AMOC weakening with the South Atlantic systematically warming in response to a 139 

freshwater discharge applied in the North Atlantic. There are still regional differences in the 140 

simulated Southern Ocean response (Timmermann et al., 2010, Clement and Peterson, 141 

2008, Kageyama et al., 2010). Some models simulate a quasi-uniform warming (e.g. Otto-142 

Bliesner and Brady, 2010) while others show contrasted patterns with a West Pacific cooling 143 

associated with the Southern Indian Ocean sector warming.   144 

Conceptual models, paleoceanographic data and climate models of varying complexity all 145 

converge to show that DO events are associated with changes in AMOC. However, a number 146 

of physical mechanisms allowing quasi-periodic transitions between different modes of 147 

operation of the AMOC have been proposed. Among them one must distinguish between 148 

those where abrupt millennial climate shifts result from changes in external forcing (e.g 149 

freshwater cycle, solar cycle) from those where either internal instabilities of the large-scale 150 

ocean circulation or nonlinear sea ice – ocean - ice sheet interactions play a fundamental 151 

role. Recent modeling studies suggest that the relatively weak Atlantic northward heat 152 

transport that prevails under cold background conditions is the key to the existence of such 153 

instabilities (Colin de Verdière and te Raa, 2010; Arzel et al. 2010; Arzel et al., 2012). In those 154 

studies, ice-sheet ocean interactions, atmospheric noise or time-varying external forcing are 155 

not essential to the emergence of millennial climate shifts. Glaciological studies have 156 
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stressed that calving due to internal Laurentide ice sheet instabilities can deliver massive 157 

meltwater fluxes albeit with large uncertainties on the exact timing, magnitude and rate of 158 

delivery (MacAyeal et al., 1993; Marshall and Clark, 1997). Such calving events and 159 

associated meltwater – induced climate variability can be reproduced in climate models of 160 

reduced complexity (Ganopolski et al., 2010; Ganopolski, 2003). Whether the iceberg 161 

discharge is a cause or a consequence of changes in AMOC is however an open question. 162 

Indeed, a reduced AMOC can also trigger subsurface warming and instabilities of ice streams 163 

(Shaffer et al., 2004; Marcott et al., 2011; Alvarez-Solas et al., 2011, 2013). Changes in 164 

atmospheric circulation in relationship with changes in sea ice extent and/or changes in ice 165 

sheet topography may also cause abrupt glacial climate shifts (Wunsch 2006, Li et al., 2010; 166 

Zhang et al., 2014). 167 

The initial trigger of instabilities may not lie within the North Atlantic, which could just act as 168 

an amplifier (Cane and Clement, 1999). Several authors have explored the possible role of 169 

Antarctic freshwater fluxes on AMOC instabilities. For instance, Weaver et al. (2003) 170 

suggested an Antarctic origin of meltwater pulse 1A. This 14-18 m global mean sea level rise 171 

occurred during the abrupt Bølling-Allerød warming (Deschamps et al, 2012). While there is 172 

evidence for West Antarctic ice retreat coeval with MWP1A (Smith et al, 2011; Kilfeather et 173 

al, 2011), the magnitude of the Antarctic contribution remains disputed (Clark et al, 2009; 174 

Bentley et al, 2010; Mackintosh et al, 2011; Golledge et al., 2014), as glaciological studies 175 

indicate possible large contributions from North America (Carlson and Winsor, 2012, 176 

Gregoire et al, 2012). Idealized Southern Ocean hosing simulations do not produce large 177 

Greenland warming (Seidov et al. 2005 Stouffer et al. 2007, Swingedouw et al. 2008) and are 178 

thus suggesting that Antarctica cannot be the driver of DO events. Intrinsic instabilities of 179 
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the Southern Ocean stratification have also been found in climate models of intermediate 180 

complexity (Meissner et et al. 2006). These instabilities generate abrupt multi-millennial 181 

oscillations whose mechanism is essentially captured by the Welander (1982) two-box 182 

model. Corresponding changes in surface air temperature reach a few degrees in the 183 

Southern Ocean with little impact in the Northern Hemisphere 184 

Finally discriminating the respective role of changes in AMOC with respect to changes in sea 185 

ice extent and atmospheric circulation and identifying the trigger for the millennial 186 

variability calls for very high resolution paleoclimate records, an accurate identification of 187 

the north-south timing of changes, and the characterization of regional patterns of changes.  188 

 189 

1.3 Structure of this manuscript 190 

In this manuscript, we focus on the last 60 000 years where our bipolar chronological 191 

framework is most accurate, thanks to layer counting for Greenland ice cores and numerous 192 

age markers, using the latest available common chronology for Greenland and Antarctic ice 193 

core, AICC2012 (Bazin et al., 2013; Veres et al., 2013). The accuracy and limitations of the 194 

chronology are specifically addressed in section 2. The temporal relationships between 195 

Antarctic and Greenland temperature over the last glacial cycle will be discussed in section 3 196 

using the AICC2012 chronology. This will include new highly resolved measurements of 197 

water stable isotopes from two East Antarctic ice cores (EDC and Taldice). The 198 

comprehensive picture of the see-saw sequence, including regional variability among East 199 

Antarctic sites is discussed in Section 4. Finally, Section 5 addresses perspectives to progress 200 

in the understanding of mechanisms driving Greenland-Antarctic abrupt climate variability 201 
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through the use of multiple tracers of climate at lower latitudes, as well as insights expected 202 

from earlier glacial periods.  203 

 204 

2. The bipolar seesaw using the AICC chronology and age scale uncertainties 205 

2.1 Methods for Greenland and Antarctic age scale synchronization and AICC2012 206 

For a discussion of bipolar seesaw, we concentrate here on the relative uncertainty between 207 

Antarctic and Greenland chronologies.  208 

A critical limitation for the description of the sequence of Greenland versus Antarctic climate 209 

change is linked to the difficulty of synchronizing different ice cores at high temporal 210 

precision. Through time, a collection of absolute and relative ice core dating constraints has 211 

been accumulated. For instance, the identification of the Laschamp geomagnetic excursion 212 

in the 10Be concentration in different ice cores allows to transfer the absolute age of the 213 

excursion, from radiometric dating methods applied on lavas (e.g. Guillou et al., 2004; Singer 214 

et al., 2009) to ice core records (Raisbeck et al., 2007). Several parameters provide tools for 215 

the synchronization of ice core records. They arise from the global variability of well mixed 216 

atmospheric gases and high resolution measurements of CH4 and 18O of O2 in the gas phase 217 

of ice cores (e.g. Capron et al., 2010); or from the occurrence of volcanic events, whose 218 

fingerprints can be identified from chemical (major ion concentrations) or physical (electrical 219 

conductivity, particles) measurements performed on the ice phase (e.g. Parrenin et al., 220 

2012a).  221 
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A specific uncertainty arises from the need to build two different timescales for each ice 222 

core, one for the ice phase and one for the gas phase. Age differences between ice and gas 223 

at a given depth arise from the firnification processes, when snow is consolidating to ice and 224 

the air is trapped inside, at the lock-in depth (LID), about 100 m under the ice-sheet surface. 225 

Because firnification processes (and therefore the LID) are affected by changes in 226 

temperature, accumulation rate, and possibly by the snow impurity content (Hörhold et al., 227 

2012), the gas age – ice age difference varies through time and space with variations of 228 

several thousands years for ice cores of the East Antarctic plateau (EPICA Dome C, Vostok).  229 

During the past 60,000 years, the Greenland ice core GICC05 chronology is based on multi-230 

parameter layer counting and provides a reference ice age scale. The absolute uncertainty of 231 

the GICC05 chronology used as a reference for the last 60 ka for AICC2012 has no 232 

importance for the bipolar seesaw pattern which is investigated here. On opposite, the gas 233 

chronology calculated for NorthGRIP has an impact on the seesaw pattern because of gas 234 

stratigraphic links in between ice cores. It therefore needs to be precisely constrained. Due 235 

to relatively high accumulation rates, the gas age – ice age difference, age, remains small in 236 

Greenland (<1000 years) and is very well simulated by firn models. This is verified using 237 

markers of abrupt local warming in the gas phase, through abrupt changes in noble gas 238 

isotopic composition caused by firn air thermal fractionation (e.g. Kindler et al., 2014). The 239 

depth difference, depth, between the same event (an abrupt warming), recorded in the gas 240 

phase (a peak of 15N) and in the ice phase (an abrupt increase in ice 18O) enables to 241 

constraint the gas chronology vs. the ice chronology in Greenland with minimal uncertainties 242 

(Rasmussen et al., 2013).  243 
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The transfer of this Greenland gas chronology towards the Antarctic gas chronology relies on 244 

the global signals provided by changes in atmospheric composition (in the gas phase). The 245 

accuracy of this transfer is only limited by the resolution of the records and the smoothing 246 

caused by firn diffusion (Köhler et al., 2011). 247 

 A major source of uncertainty for the investigation of the precise temporal sequence 248 

between changes in Greenland and Antarctic water stable isotope records (both in the ice 249 

phase) arises from the construction of the Antarctic ice age scale from the gas age scale 250 

synchronized with that of Greenland. It mostly depends on the ability to accurately estimate 251 

the temporal evolution of the LID in Antarctica. Several studies have therefore taken 252 

advantage of Antarctic ice cores in the least dry areas (West Antarctica for Byrd or Siple 253 

Dome, coastal East Antarctica for Law Dome), where the gas age – ice age difference, age, 254 

is smallest (several hundreds of years) which limits the associated uncertainty (e.g. Blunier et 255 

al., 1998; Pedro et al., 2012). Uncertainties are largest for the dry central East Antarctic sites, 256 

where, under glacial conditions, age differences can reach several thousand years.  257 

 The estimates of past LID based on firnification models are probably associated with an 258 

uncertainty of about 20% (Landais et al., 2006; Parrenin et al., 2012b). However, the 259 

combination of stratigraphic constraints in both the gas and in the ice phases in different ice 260 

cores narrows LID estimates. Moreover, constraints on past LID can also be established using 261 

air 15N in Antarctic ice cores (Parrenin et al., 2012b). 15N is mainly affected by gravitational 262 

fractionation in the air circulating in the diffusive zone of the unconsolidated snow. It is 263 

therefore directly proportional to the depth of the diffusive column, and therefore to the 264 

changes in LID.  265 
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While the first Greenland-Antarctic chronologies were manually established from the 266 

interpolation of a few age markers, site by site, the AICC2012 timescale has been produced 267 

as a community effort for the collection of dating constraints and their integration using a 268 

common mathematical framework applied to several deep ice cores. Using a Bayesian tool 269 

dedicated to multi-ice cores dating, Lemieux-Dudon (2010), Bazin et al. (2013) and Veres et 270 

al. (2013) have built a coherent chronology integrating 5 ice cores from Greenland 271 

(NorthGRIP) and Antarctica (EPICA Dome C – EDC -, EPICA Dronning Maud Land – EDML -, 272 

Taldice, Vostok, Figure 1). 273 

  274 

Figure 1: Location of the Antarctic cores included in the AICC2012 chronology. The red points 275 

highlight the sites that are considered in this study. 276 

The AICC2012 effort has gathered an unprecedented high number of stratigraphic tie-points 277 

between the Greenland NorthGRIP and the 4 Antarctic ice cores and between Antarctic ice 278 

cores. The AICC2012 synchronization uncertainty (Figure 2) mostly arises from (i) the density 279 

of gas markers (mainly methane) and their associated uncertainties (Lemieux-Dudon et al., 280 
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2010; Loulergue, 2007; Bazin et al., 2013; Loulergue et al., 2007; Schilt et al., 2010; Buiron et 281 

al., 2011; Schüpbach et al., 2011; Capron et al., 2010b); (ii) the density of ice markers 282 

(volcanic eruption and 10Be peak around the Laschamps event) and their associated 283 

uncertainties (Udisti et al., 2004; Parrenin et al., 2012a; Ruth et al., 2007; Severi et al., 2007, 284 

2012; Bazin et al., 2013; Loulergue et al., 2007; Svensson et al., 2013); (iii) the determination 285 

of the LID in the different ice cores and their associated uncertainties. Figure 3 displays the 286 

different age markers used in AICC2012 and the associated uncertainties over the last 60 ka 287 

(Bazin et al. 2013 and Veres et al. 2013). It illustrates how the final relative uncertainties of 288 

each Antarctic ice core chronology (relative to NorthGRIP) are strongly linked to these gas 289 

and ice markers. 290 

Between 26 and 17 ka, in the absence of any tie points, chronology uncertainties strongly 291 

increase (Figure 2). Uncertainties of only a few centuries occur when both gas and ice tie 292 

points are present. This is the case around the Laschamp event at ~41 ka which concentrates 293 

methane tie points for each DO event, numerous volcanic tie points between the Antarctic 294 

ice cores, and the 10Be fingerprint of the Laschamp events in Greenland and Antarctic ice 295 

cores. Note that we have excluded Vostok from the following discussion because of too 296 

weak dating constraints linked to the low resolution of the initial records.  297 

 298 

 299 
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 300 

Figure 2: Illustration of the sources of uncertainty in the AICC2012 chronology: in green the 301 

total uncertainty of AICC2012; in blue, the chronology difference induced by different 302 

estimates of the background LID (either from firnification model or from 15N data); in red, 303 

the ice uncertainty calculated by DATICE. The EDC and EDML AICC2012 uncertainties are 304 

similar because of the numerous ice tie points between them (see details in SOM of Bazin et 305 

al., 2013). Note that this chronology was built with an artificially small uncertainty on the 306 

NorthGRIP GICC05 chronology (< 20 years over the last 60 ka) so that the displayed 307 

uncertainty actually reflects the relative uncertainties of each Antarctic ice core relative to 308 

NorthGRIP. 309 

 310 
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 311 

  

Figure 3: a) NorthGRIP, Taldice, EDML and EDC 18O profiles (55 cm resolution) on AICC2012 312 

(blue) with the identification of the large DO events 8 and 12 (black rectangles). Horizontal 313 

markers indicate the position and uncertainties of ice and gas stratigraphic links (green – ice 314 



17 

 

stratigraphic links between EDC and TALDICE; blue – ice stratigraphic links between EDC and 315 

EDML; purple – gas stratigraphic links between EDC and EDML). b) Same as (a) but for a 316 

zoom on DO 12. c) Same as (a) but for a zoom on DO 8. The red line depicts the results of 317 

DATICE calculations when using LID calculations based on firnification model rather than 318 

15N data (as in AICC2012). The green line is the output of DATICE without the strong GICC05 319 

constraints (here we show the run with correlation of NorthGRIP markers of age difference 320 

from Bazin et al. (2014) which shows the largest difference to AICC2012). The black lines on 321 

figures 3b and 3c shows the onset of DO events in Greenland and the grey rectangles the 322 

AICC2012 uncertainty of EDML and EDC chronology for this onset.  323 

 324 

2.2 Uncertainty associated with AICC2012  325 

Here, three issues are discussed with respect to the north-south sequence of events: first, 326 

we investigate the uncertainty associated with the estimation of LID at EDC and EDML; 327 

second, we revise the estimation of the NorthGRIP LID between DO events which was likely 328 

overestimated in AICC2012; third, we discuss the calculation of the AICC2012 ice age scale 329 

uncertainty. 330 

In the construction of AICC2012, the LID background scenarios were driven by the 15N 331 

profile measured in ice cores. Parrenin et al. (2012b) indeed demonstrated that for EDC, the 332 

LID was better estimated from 15N than when using a firnification model. Still, 15N will not 333 

be linearly related to the LID if there are changes in firn convective zone. As a consequence a 334 

large variance was associated with the background LID scenario in the building of AICC2012 335 

with DATICE. However, the link between the value of the variance of the background 336 
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scenario and the final DATICE uncertainty is not straightforward and the chronological 337 

uncertainty resulting from the LID uncertainty in Antarctic ice cores may have been 338 

overestimated in AICC2012.   339 

The uncertainty associated with the background LID is addressed here by sensitivity tests 340 

with DATICE (Figure 3). Simulations have been performed with different background 341 

scenarios for EDC, TALDICE and EDML LID for two extreme cases: either from 15N 342 

measurements (which leads to the lowest possible value of the LID) or from the firnification 343 

model (Goujon et al. 2003, leading to an upper estimate for LID). Using a LID deduced from 344 

the firnification model leads to systematically larger glacial Antarctic LID than when using 345 

the 15N measurements. Antarctic chronologies are therefore systematically older than 346 

AICC2012 by up to 500 years around the LGM (red lines, Figure 3). This chronological change 347 

is minor. Indeed, the multiplicity of gas and ice stratigraphic tie-points used in DATICE 348 

compensates for the large uncertainty in the background LIDIE scenario. The phasing 349 

between Antarctica and Greenland over DO / AIM events is not significantly affected. For DO 350 

/ AIM 8 (Figure 3b), the Greenland vs Antarctica phasing is exactly the same for the two 351 

different background scenarios of LIDIE  because of the proximity of the Laschamp event 352 

providing ice stratigraphic tie-points. For DO / AIM 12 (Figure 3c), the Antarctic records are 353 

slightly older by a few centuries, but this does not affect the Greenland vs Antarctica seesaw 354 

pattern.    355 

Despite strong and robust constraints at the onset of each DO events from 15N 356 

measurements (Kindler et al., 2014 and Huber et al., 2006), the NorthGRIP LID was not 357 

properly estimated between DO events. This is due to the combined effects of two strong 358 

constraints imposed on the NorthGRIP chronology in AICC2012 as explained in the following. 359 
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First, for the onset of each DO event, depth constraints were provided as inputs to DATICE 360 

based on the synchronicity of the two temperature-sensitive records (18O increase in ice 361 

and 15N increase in gas). Then, by construction, AICC2012 was driven by the GICC05 362 

Greenland chronology and with an imposed thinning function for NorthGRIP (NorthGRIP 363 

members, 2004). The combination of imposed depth and thinning led DATICE to 364 

overestimate NorthGRIP LID by up to 10-20 m, especially around DO 12, compared to the 365 

estimate based on 15N and firn modeling (Kindler et al., 2014). Bazin et al. (2014) solved 366 

this problem by allowing DATICE to modify the NorthGRIP thinning scenario, thus leading to 367 

a smaller NorthGRIP LID. The revised Antarctic chronologies produced this way are 368 

independent of GICC05 and show small differences with AICC2012 (< 400 years). They do 369 

not affect significantly the Antarctica vs. Greenland relationship, especially over DO / AIM 12 370 

and DO / AIM 8, this last sequence being particularly well constrained by tie-points around 371 

the Laschamp event (Figures 3b and 3c).  372 

Antarctic chronologies are mainly based on gas tie points between Greenland and 373 

Antarctica, so that the ice chronology is deduced from the gas chronology and thus must 374 

incorporate uncertainties associated with the LID estimates. This is however not always the 375 

case in DATICE when many ice stratigraphic tie points are present, especially between EDML 376 

and EDC (76 ice stratigraphic tie-points over the period 30 to 60 ka). Because a correct 377 

reformulation of the error calculation requires significant developments, AICC2012 reported 378 

the gas chronological uncertainty, which considers the uncertainty associated with LID, in 379 

addition to the uncertainties associated with the ice chronology in DATICE (i.e. stratigraphic 380 

and absolute tie points and variance associated with thinning and accumulation rate 381 

background scenarios). This formulation is correct when only gas tie points are present, but 382 
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it is an overestimation of the true uncertainty when mainly ice tie-points are present 383 

(Holocene or around the Laschamp event). In this case, the uncertainty attached to the ice 384 

chronology should be used for the comparison of water stable isotope records.  385 

Figure 2 compares two estimates of the ice chronological uncertainty: DATICE uncertainty for 386 

the ice chronology (red) and AICC2012 official uncertainty mainly obtained from DATICE 387 

uncertainty on the gas chronology (green). As explained above, these uncertainties should 388 

be taken as an Antarctica-Greenland synchronization uncertainty. Around the Laschamp 389 

event, the difference between the two types of uncertainties is ~400 years at EDML and 390 

EDC. We argue that it is overestimated by DATICE in AICC2012. Indeed, for this period, the 391 

maximum difference between chronologies obtained with extremely different LID 392 

background scenarios is less than 200 years (red and blue lines, Fig. 1, and Fig. 2). The 393 

relative ice chronological uncertainty between Antarctic (EDC, EDML, TALDICE) and 394 

NorthGRIP at the time of DO-AIM 8, very close to the Laschamp event, should therefore be 395 

less than 400 years.  396 

For DO 12, the situation is different since there is no ice tie-point common to Greenland and 397 

Antarctica (Bazin et al., 2013). There is therefore no reason to challenge the AICC2012 398 

uncertainty of 600-700 years given for the relative chronology between Antarctic and 399 

Greenland ice as a correct upper boundary. 400 

3. Water stable isotope records of bipolar seesaw 401 

3.1 Stack Greenland and Antarctic records on AICC2012 402 

In order to extract the common East Antarctic signal, we have combined the water isotopic 403 

records for the 4 Antarctic ice cores synchronized on AICC2012 to obtain an East Antarctic 404 
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isotopic stack. From the available resolution of individual records, the East Antarctic stack 405 

has been produced with a 100 year resolution. For Greenland, we have used the available 406 

synchronization of the Greenland ice cores (GRIP, GISP2 and NorthGRIP) performed during 407 

the construction of the GICC05 timescale (Svensson et al., 2008 and references herein) to 408 

obtain a Greenland isotopic stack on the AICC2012 timescale. These two stacks clearly show 409 

the classical bipolar seesaw pattern (Figure 4), with Antarctic warming during GS, 410 

particularly visible for long stadials (e.g. DO 21, 12, 8). During the shortest stadials, the 411 

common Antarctic signal is equivocal, due to the noise caused by small chronological shifts, 412 

noise and regional differences in water stable isotope patterns (see next section).  413 

The global picture of the bipolar seesaw highlighted in Figure 4 is in general agreement with 414 

the simple modeling of Stocker and Johnsen [2003] for the slow thermal response of 415 

Antarctic temperature to Greenland abrupt warmings and coolings through a heat reservoir 416 

in the southern ocean.   417 

 418 

  419 
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Figure 4: a) Stack of East Antarctic (Vostok, EDML, EDC and Taldice) 18O, and Greenland 421 

(GRIP, GISP2, NorthGRIP) 18O on AICC2012/GICC05 synchronized chronologies, expressed in 422 

relative amplitude centered onto the present-day value. The average stack value is depicted 423 

with the bold coloured lines, while the individual ice core records are shown in light color. b 424 

and c) Comparison between the data around DO 8-12 and the results of the 425 

thermodynamical model of Stocker and Johnsen (2003).  426 

3.2  Regional differences in Greenland and Antarctica 427 

Spatial gradients have already been evidenced in Greenland based on temperature (derived 428 

from 15N), accumulation, and 18O records (e.g. Buizert et al, 2014, Guillevic et al, 2013). 429 

Using NEEM, NorthGRIP and Summit ice cores during the last deglaciation and over DO 430 

event 8, they have shown that, while the magnitude of 18O changes is largest at NEEM, the 431 

magnitude of abrupt warming is largest in central Greenland (Summit). These studies have 432 

confirmed the validity of 18O as a qualitative temperature proxy, but revealed that, in 433 
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Greenland, it is not a reliable indicator of the amplitude of abrupt warming. The pattern of 434 

temperature change associated with abrupt warming can be potentially explained with the 435 

impacts of changes in Nordic sea sea ice cover (Li et al, 2005) and the impacts of changes in 436 

AMOC on Greenland climate (Buizert et al, 2014). 437 

In Antarctica, no independent paleothermometry method has yet been applied for AIM 438 

events, restricting the investigation of the patterns and rates of changes to 18O only. 439 

Existing simulations performed with isotope enabled atmospheric general circulation models 440 

stress the reliability of the isotope-temperature relationship under glacial boundary 441 

conditions (e.g. Werner et al., 2001; Jouzel et al., 2013). We will therefore use isotopic rates 442 

of changes through time to identify patterns of rates of warming during AIM events. 443 

The new AICC2012 timescale allows investigating regional patterns in Antarctica. Stenni et al. 444 

(2010) already stressed a square shape of AIM in the Atlantic sector (EDML), which contrasts 445 

with the triangular (symmetric) shape of AIM events in the Indo-Pacific sector (EDC, Vostok, 446 

TALDICE, Byrd, WAIS…). During the warming phase of the largest AIM events of the last 50 447 

ka, Buiron et al. (2012) estimated that the rate of warming (isotopic enrichment) was twice 448 

smaller at TALDICE and EDC than at EDML. This feature is confirmed using the AICC2012 449 

timescale. 450 

We now focus on EDML, TALDICE and EDC (Figure 5) for which (i) high resolution water 451 

stable isotope records are available (respectively 20, 50 and 70 years for EDML, EDC and 452 

TALDICE around AIM 8, at ~38 ka), and (ii) age scale uncertainties are the smallest (Figure 2). 453 

We do not discuss the Vostok ice core which has lower resolution and chronological 454 

accuracy. The maximum ice age uncertainty around AIM 8 and AIM 12 estimated through 455 
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AICC2012 is respectively 600 years for TALDICE and 800 years for EDML and EDC. Because 456 

of this uncertainty, it is impossible to investigate regional differences during the small and 457 

short-lived D/O events of MIS 3.   458 

A clear picture nevertheless emerges for AIM 8 (Figure 5), where the sharp water stable 459 

isotope increase recorded at EDML ends 1200600 years earlier than the onset of abrupt 460 

Greenland warming and hence only 600 years after the preceding Greenland cooling. The 461 

first gradual isotopic enrichment recorded at EDC starts in phase with this EDML warming 462 

when Greenland is cooling. Because of the numerous ice stratigraphic links between EDML 463 

and EDC, their relative ice chronological uncertainty is only 200 years. This first rapid 464 

warming at EDC is followed by a gradual temperature increase along the 1200 years 465 

preceding Greenland abrupt warming when EDML 18O is on a plateau. Similar patterns are 466 

depicted at TALDICE albeit with lower temporal resolution. By contrast, the slow cooling 467 

phase following abrupt Greenland warming occurs in phase for all Antarctic ice cores, and in 468 

phase with the slow GIS cooling. The same characteristics are also observed during AIM 12: 469 

at EDML, a very fast warming ends about 1200 years prior to Greenland abrupt warming, 470 

followed by a long lasting plateau; at EDC and Taldice, the warming phase occurs in two 471 

steps (Figure 5).   472 

Exploring the uncertainties attached to the relative AICC2012 chronologies between EDML, 473 

EDC, Taldice and NorthGRIP ice cores (section 2.3, Figure 3) confirms the robustness of this 474 

sequence of events around AIM 8 and 12. Revised estimates of LID indeed produce older 475 

Antarctic ice ages and therefore a longer lag between the first Antarctic warming phase and 476 

the onset of Greenland interstadial. 477 
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Figure 5: Focus on DO-AIM 12 (a) and 8 (b). From top to bottom: 18O records from 478 

NorthGRIP, Taldice, EDML and EDC, on the AICC2012 chronology. Horizontal error bars in 479 

panels (a) and (b) stress the position of ice and gas stratigraphic links between EDC, TALDICE 480 

and EDML.  Panel (c) provides a schematic representation of the structure of 18O changes 481 

identified during both events. Shaded rectangles highlight the chronological uncertainties for 482 

the AIM 12 and 8 in panels a and b. The violet and red rectangles highlight the separation in 483 

two phases for the warming of the AIM in each of the 3 panels and the letters a, b and c 484 

mark the separation between each phases as used in the following figures.   485 

 486 

3.3 New high resolution water stable isotope data 487 

To further explore the identified inflexion points in Taldice and EDC, we report here the 488 

additional information provided by new high resolution water stable isotope data for these 489 

two sites. 490 

The initial EDC D and 18O profile from EDC were obtained along 55 cm long ice “bag” 491 

samples (Jouzel et al., 2007, Stenni et al, 2010). While they document Holocene climate with 492 

a resolution of ~20 years (Pol et al., 2011), ice thinning and lower glacial accumulation rates 493 

result in a loss of temporal resolution for glacial climate variability (50 year resolution). 494 

Higher resolution records have therefore been obtained from more than 8000 new 18O 495 

measurements performed using 5 sections of 11 cm within each bag sample. These new 496 

mass spectrometry measurements have an accuracy of 0.07‰ using a classical method of 497 

water/CO2 equilibration at the Center for Ice and Climate of the University of Copenhagen. 498 



27 

 

The high resolution data confirm all the details of the low resolution signals available from 499 

bag measurements (Jouzel et al., 2007; Stenni et al, 2010). They reveal centennial variability 500 

within AIM which was not visible in bag measurements and preferentially occurs during the 501 

warm and warming phases of AIM (Figure 6, red rectangles). These short-lived, sharp events 502 

reach a magnitude > 2‰ (2.6°C using the spatial isotope-temperature relationship) in about 503 

20-30 years. AIM 8 and 12 are characterized by a multi peak structure around the maximum 504 

18O level of the AIM and one peak during the warming phase, at the inflexion point 505 

between the two warming phases at EDC (vertical bar b on figures 6b and 6c). These peaks 506 

are also visible through excursions in the calculated 200 years running variance (Figures 6b 507 

and 6c). In addition, two events occur during the peak and cooling phase of AIM 14, 508 

potentially synchronous with sub-event 14-b recorded in NorthGRIP (Rasmussen et al., 509 

2014). Finally, the two events occurring at peak warmth of AIM 16 coincide within 510 

chronological uncertainty with the large centennial variability in Greenland (events DO 16.1 511 

and 16.2 as defined by Rasmussen et al., 2014). Similar events may have occurred during 512 

AIM 0 (early Holocene optimum) and Last Interglacial early optimum, as recorded in “fine 513 

cut” samples D (Pol et al, 2011, 2014). 514 

We now investigate the patterns of TALDICE 18O variability using new measurements. The 515 

initial Taldice 18O profile was obtained at 1 m resolution (Stenni et al., 2011; Buiron et al., 516 

2012), leading to 100 years resolution for the last glacial period. New high resolution 18O 517 

measurements spanning AIM 8 and AIM 12 were therefore performed at 10 cm resolution at 518 

Parma and Trieste Universities using the classical method of water/CO2 equilibration. Again, 519 

the high resolution 18O measurements confirm the details of the initial record (Figure 6) 520 

and clearly depict centennial variability. Both at EDC and TALDICE, the data depict an 521 
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optimum coinciding with the end of the EDML warming phase. This first optimum is more 522 

strongly marked at TALDICE, followed by a “cold-reversal-type” drop, labeled “L” on Figure 6 523 

and associated with a decrease of the 200 years running variance (Figures 6b and 6c). We do 524 

not detect the same sharp events as recorded in EDC, questioning the spatial structure of 525 

such sharp, short-lived events. Backward trajectory analysis (Scarchilli et al., 2011) suggests 526 

that TALDICE is influenced by moisture originating mainly from the Indian and secondarily 527 

from the Pacific sectors of the Southern Ocean, while EDC is mainly influenced by the Indian 528 

Ocean. Differences between EDC and TALDICE could thus be linked to different transport 529 

paths compared to present day but also to possible differences in their sensitivity to sea-ice 530 

variability, mainly due to their different distance to the coast. 531 

We conclude that high resolution data from EDC and TALDICE confirm the three phase 532 

structure of AIM8 and 12, with Taldice showing a marked optimum (followed by a minimum) 533 

at the end of the EDML warming phase (vertical bar b on figures 6b and 6c) corresponding to 534 

the inflexion between the first and second EDC and EDML warming phases. At EDC, the data 535 

depict short-lived, sharp events with a large isotopic anomaly, during the warm phases of 536 

AIM events, when Greenland abruptly warms (vertical bar c on figures 6b and 6c). Similar 537 

events are seen at the inflexion between the first and second EDC and EDML warming 538 

phases (vertical bar b on figures 6b and 6c). 539 
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 541 

Figure 6: a) new high resolution water stable isotope measurements from TALDICE and EDC 542 

(light blue), superimposed on existing low resolution data (blue) on AICC2012. b) Same as (a) 543 
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but for a zoom on AIM 12. The 200 year running variance for the Taldice and EDC high 544 

resolution data are added. The vertical bars a, b and c respectively indicate the beginning of 545 

the GS / AIM, the inflexion point at the end of the EDML 18O increase and EDC main 18O 546 

increase and the abrupt warming in Greenland. c) Same as (b) but for AIM 8. 547 

 548 

4. Discussion 549 

The structure of Antarctic 18O records depicts a variability which does not follow a 550 

simple bipolar seesaw scheme, both in the sharp events depicted in high resolution data 551 

from EDC and TD, and in the two phase structure observed during major Antarctic warmings 552 

(AIM 8 and AIM 12 warming phases). These patterns can therefore not be explained by a 553 

simple seesaw mechanism implying a slow response of Antarctic temperature to abrupt 554 

North Atlantic climate shifts, modulated by the thermal inertia of the southern ocean. 555 

Several hypotheses can be formulated. One option is that this Antarctic variability reflects 556 

abrupt changes in atmospheric circulation and/or moisture origin, probably linked to sea ice 557 

variability. A second option is that Greenland climate (temperature, accumulation and 18O) 558 

does not reflect changes in North Atlantic ocean circulation. To explore the first option, we 559 

compare the Antarctic 18O records with aerosol and deuterium excess data (section 4.1). To 560 

explore the second option, we investigate Greenland moisture source, global atmospheric 561 

composition, together with our Antarctic records, expanding the work of Guillevic et al 562 

(2014) for multi-proxy Greenland and atmospheric composition records (section 4.2).  563 

4.1 Antarctic atmospheric circulation: aerosol and d-excess data  564 
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Here, we compare our three Antarctic 18O records to records of dust aerosols and d-565 

excess in same ice cores. The second order parameter d-excess, expressed as D-8*18O, is 566 

linked to evaporation conditions and shifts of moisture sources (e.g. Vimeux et al., 1999; 567 

Stenni et al., 2010). The level of high frequency variability (or noise) in d-excess profiles from 568 

Taldice, EDC and EDML is a clear limitation to the detection of climatic signals. The d-excess 569 

is generally in anti-phase with 18O in EDC and EDML, but in phase at Taldice (Figure 7a). This 570 

supports the hypothesis that Taldice has a different moisture source. More abrupt variations 571 

are recorded at Taldice than EDC, while EDML d-excess shows generally smooth variations. 572 

Some abrupt shifts in Taldice and EDC d-excess are detected at the start of the second phase 573 

of AIM 8 (plateau of EDML warming), and during Greenland abrupt warming. Similar 574 

features are also detected in one or the other core for earlier AIM events.  575 

The signals depicted by the dust and aerosol records are more straightforward. To 576 

characterize changes in atmospheric mineral dust deposition (Lambert et al., 2012), we have 577 

used the dust flux from EDC and non-sea-salt calcium flux (hereafter nssCa2+) from EDML 578 

and TALDICE. For EDC, analytical problems rule out the use of continuous flow nssCa2+ 579 

measurements for AIM 8 (Schüpbach et al., 2013). We therefore report the high resolution 580 

dust flux data from Lambert et al. (2012) which are strongly correlated to the flux of nssCa2+ 581 

in the other parts of EDC. AIM events are clearly recorded through changes in dust fluxes 582 

(Lambert et al., 2012; Schüpbach et al., 2013). This implies that AIM are associated with 583 

changes in atmospheric dust transport and/or changes in continental dust sources, located 584 

primarily in Southern Patagonia for East Antarctic cores during glacial periods (e.g. Basile et 585 

al., 1997; Delmonte et al., 2008, Wegner et al., 2012).  586 
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During AIM 8, the transition from phase 1 to phase 2 of Antarctic warming (start of the 587 

EDML plateau, change in warming rates at TALDICE and EDC) coincides with an abrupt 588 

decrease of dust fluxes (red arrows on Figure 7a), a feature already observed by Ahn et al. 589 

(2012). The same pattern is observed in high resolution dust EDC data over AIM 12 but 590 

cannot be clearly detected in lower resolution nssCa2+ records from EDML and TALDICE. We 591 

attribute these abrupt shifts to changes in high latitude atmospheric circulation either 592 

reducing the uplift of dust in Patagonia or its atmospheric transport efficiency towards 593 

Antarctica. Using the more climatologically representative logarithmic scale to plot the high 594 

resolution dust flux of the Dome ice core (Figures 7b and 7c), we can also identify some high 595 

frequency variations in the dust flux records over the warm phase of the AIM. Due to 596 

different resolutions and variability levels, it is not yet possible to detect whether sharp dust 597 

changes coincide with those of 18O. The strong flux reduction occurring on vertical bar b for 598 

both AIM 8 and 12, i.e. at the beginning of the 18O plateau at EDML, is clearly visible. 599 

Moreover, we observe a “cold reversal” like pattern during the warming phases of both AIM 600 

8 and 12 on the dust flux at EDC (marked R between bars b and c on figures 7b and 7c). 601 

Within the chronological uncertainties, this corresponds well to the slight cooling identified 602 

above on the high resolution profile of Taldice (marked L between bars b and c on figures 7b 603 

and 7c).  604 

Dust records therefore depict changes in atmospheric circulation during the transition 605 

from phase 1 to phase 2 of AIM 8 and AIM 12 that support fast atmospheric circulation 606 

reorganization taking place in addition to the general bipolar seesaw pattern. This pattern is 607 

less clearly imprinted in d-excess, and only visible for some of the d-excess data (EDC, 608 

Taldice), during this transition and abrupt Greenland warming.  609 
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Figure 7 : a) comparison between water stable isotope records (18O or deuterium) (blue), 611 

dust (EDC, on reversed axis) or nssCa2+ (TALDICE and EDML, on reversed axis) flux records 612 

(red) and d-excess records (green). Grey rectangles indicate GS 9 and 13 and red / green 613 
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arrows the marked changes in dust flux / d-excess records. b) and c) comparison between 614 

high resolution water records at Taldice and EDC with high resolution dust flux (running 615 

median of EDC dust flux at 10 cm resolution in logarithmic scale) at EDC for AIM 12 (b) and 8 616 

(c). The red arrows is the same as in 7a and the pink arrows indicate the “cold reversal” like 617 

pattern identified in the dust record (R) and in the Taldice water isotope records (L).  618 

4.2- Bipolar climate and global atmospheric composition during AIM8 619 

Here, we use the multi-proxy picture of Greenland and global atmospheric composition 620 

changes occurring during AIM 8 (Bock et al., 2010; Ahn et al., 2012; Chappellaz et al., 2013) 621 

transferred by Guillevic et al (2014) on GICC05, together with the synchronized Antarctic 622 

records on AICC2012. 623 

In Greenland, we use here the NEEM ice core, where a temperature reconstruction based on 624 

15N is available for AIM8. We first stress the same patterns depicted in this temperature 625 

reconstruction and ice 18O: the first long and stable cold phase (stadial) lasts ~ 1730 years 626 

(~ 39875 ka b 1950 to ~ 38145 ka b 1950 on the GICC05 – AICC2012 timescale), when an 627 

abrupt temperature increase of 10.4 ±1.5°C leads to a warm interstadial lasting more than 628 

1200 years (Guillevic et al., 2013). While no sub-event can be identified during GS 9 in 629 

Greenland temperature reconstructions, more information emerges from proxy records 630 

which are sensitive to low latitude climate. 631 

Continuous CH4 measurements performed with a laser analyser provide an unprecedented 632 

high resolution record at NEEM (Chappellaz et al., 2013), which unveils sub-millennial 633 

variations in CH4 without a counter-part in Greenland ice 18O. Several centuries after the 634 

onset of GS 9, at ~39.3 ka b 1950, when Greenland temperature is cold and stable, a small 635 
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increase in CH4 is detected and probably caused by changes in low latitude methane 636 

production (Chappellaz et al., 1997). Other parameters measured in Greenland ice cores, 637 

hence without chronological biases, confirm the occurrence of low latitude climatic shifts, 638 

several centuries after the onset of GS 9. Guillevic et al (2014) show that NEEM 17O-excess 639 

and 18Oatm remain stable over GIS 9 and the first part of GS 9, i.e. until 39.3 ka b 1950 on 640 

the AICC2012 timescale. While they do not record any variability at the time of abrupt 641 

Greenland cooling (at the beginning of GS 9), 17O-excess (18Oatm) is showing a significant 642 

decrease (increase) at 39.3 ka b 1950, i.e. 600 years after the onset of GS 9. 17O-excess is 643 

defined by analogy to d-excess as the deviation of 17O from the 17O vs 18O meteoric 644 

water line as 17O-excess = ln(17O+1) – 0.528*ln(18O+1). In Greenland ice cores, it reflects 645 

changes in the evaporative conditions of the low latitudes oceanic moisture sources (Landais 646 

et al., 2012) so that an increase in 17O-excess is directly linked to a decrease of relative 647 

humidity at evaporation. This is due to the influence of kinetic fractionation during 648 

evaporation of water (the drier the atmosphere, the stronger the kinetic fractionation and 649 

the higher the 17O-excess). 18Oatm is an integrated tracer of changes in biosphere 650 

productivity and low latitudes water cycle (Bender et al., 1994b). Modifications of the low 651 

latitude hydrological cycle during DO events strongly influence the 18O of meteoric water in 652 

the low latitudes (Pausata et al., 2011). This signal is transmitted to 18Oatm through 653 

evapotranspiration in plants and photosynthesis. The strong similarities between the 18Oatm 654 

signal and the calcite 18O of low latitude speleothems also strongly suggests that 18Oatm is 655 

a direct tracer of low latitude hydrological cycle in the air trapped in ice core.    656 

About 600 years after the onset of GS 9, the concomitant changes recorded in 18Oatm, 657 

17O-excess and CH4 reflect changes in low latitude climate and water cycle, probably induced 658 
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by a southward shift in the ITCZ occurring without fingerprint in Greenland temperature 659 

(Guillevic et al., 2014). Similarly, we suggest that a northward ITCZ shift explains the changes 660 

recorded at 38.6 ka b 1950, about 400 years before the abrupt Greenland temperature 661 

warming marking the end of GS 9. This encompasses an increase of 17O-excess by ~20 ppm 662 

and a decrease of the D of CH4 by more than 10 ‰, consistent with changes in the low 663 

latitude precipitation isotopic composition (Bock et al., 2010).  664 

 A finer structure of changes within GS 9 is further supported by a highly resolved 665 

atmospheric CO2 concentration obtained from the Antarctic Byrd ice (Ahn et al., 2012).  The 666 

20 ppm CO2 increase during GS 9 / AIM 8 occurs in two main steps, at ~ 39.3 ka b 1950 and 667 

at ~38.15 ka BP, punctuated by an intermediate smaller step at 38.6 ka b 1950 (Figure 8).    668 
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 669 

Figure 8 : expanded from Guillevic et al (2014). From top to bottom: NEEM 18O ice and 670 

reconstructed temperature (based on 15N); NEEM 17Oexcess (red) and 18Oatm (black); NEEM 671 

methane concentration (Chappellaz et al., 2013, green) and NorthGRIP D of CH4 (Bock et 672 

al., 2010, grey), Byrd CO2 (Ahn et al., 2012, orange) and Antarctic ice core 18O (black, EDML; 673 

red, TALDICE; green, EDC). All records have been synchronized on AICC2012. The vertical 674 

colored rectangles depict three phases within GS 9, identified in the Greenland records. The 675 

vertical bars a, b and c refer to the separation between phases of the AIM identified on 676 

Figures 5 and 6.  677 
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The evolution of the Antarctic 18O records presents synchronicity with the sequence of 678 

changes within GS 9 / AIM 8 (Figure 5). The changes in CH4, CO2, 18Oatm and in 17O-excess at 679 

39.3 ka BP occur in phase (within age scale uncertainties) with the AIM 8 phase 1 and the 680 

increase to the EDML plateau (between vertical bars a and b, figures 6b, 6c and 8). We 681 

therefore identify simultaneous changes in low latitudes and Antarctic climate without any 682 

fingerprint in Greenland climate. 683 

As in Guillevic et al. (2014) and as already observed from comparison of Greenland ice 684 

cores and lower latitudes marine cores (Sanchez-Goñi et al., 2008), we therefore conclude 685 

that Greenland climate during GS9 is decoupled from climate changes occurring at lower 686 

latitudes. During stadials, the onset of the iceberg rafted discharge appears delayed with 687 

respect to the collapse of the North Atlantic Deep Water (NADW) formation (Hall et al., 688 

2006; Jonkers et al., 2010), itself often associated with the North Atlantic / Greenland 689 

surface temperature cooling. An explanation for this lag has been suggested by Marcott et 690 

al. (2011) and Alvarez-Solas et al. (2013). They argue that the collapse of NADW formation, 691 

leading to the strong Greenland cooling, induces a slow sub-surface warming in North 692 

Atlantic, which would then trigger the iceberg discharge. Delays between abrupt North 693 

Atlantic cooling and the Heinrich event are therefore expected to reflect the duration 694 

required for sufficient heat accumulation in subsurface to trigger an iceberg discharge. Our 695 

structure is consistent with a lag between North Atlantic / Greenland cooling and a strong 696 

iceberg discharge which can then affect the atmospheric circulation at lower latitudes. Note 697 

that the recent modeling study of Roberts et al. (2014) shows that changes in topography 698 

following a strong iceberg discharge could also have a direct impact on North Atlantic 699 
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climate. This is not obvious from Greenland records where no clear signature of Heinrich 700 

event has been detected (e.g. Guillevic et al., 2014).    701 

We now summarize our findings for AIM 8. As predicted by the bipolar seesaw 702 

thermodynamical model, we observe (i) that the onset of Antarctic warming coincides with 703 

Greenland cooling, and (ii) that Greenland abrupt warming marks the beginning of Antarctic 704 

cooling. During GI 8, both Greenland and Antarctica are cooling in parallel. In addition to the 705 

seesaw pattern, the inflexion in Antarctic warming that we have identified during AIM8, 706 

most strongly recorded in EDML (start of a plateau) occurs in phase (within dating 707 

uncertainties) with low latitude climatic changes at 39.3 ka BP affecting sources of 708 

Greenland moisture as well as global atmospheric composition (CH4, CO2, 18Oatm) and 709 

attributed to a southward ITCZ shift. While it has no fingerprint in Greenland temperature, 710 

this event marks the end of the first rapid increase in Antarctic temperature during AIM8, as 711 

well as rapid large-scale atmospheric circulation reorganizations from low latitudes (ITCZ 712 

southward shift) to high southern latitudes (as depicted by Antarctic dust and d-excess). We 713 

conclude that low latitudes climatic changes during the course of a Greenland stadial 714 

complicate the classical picture of the bipolar seesaw. The decoupling between low and high 715 

latitudes during the Greenland stadial may be linked with a delayed iceberg discharge during 716 

the stadial due to subsurface warming as explained in the previous paragraph.   717 

Simulations performed with coupled ocean-atmosphere models, forced by freshwater 718 

hosing in the North Atlantic in order to depict a millennial scale variability, show some 719 

decoupling between Greenland temperature (mostly affected by surface conditions, e.g. sea-720 

ice) and AMOC strength. Otto-Bliesner and Brady (2010) performed an idealized experiment 721 

where a massive freshwater flux (1 Sv) is applied during 100 years and obtained a gradual 722 



40 

 

AMOC reduction within 100 years and a slow recovery over the next 500 years. The 723 

associated simulated Greenland temperature shows an abrupt cooling of about 6°C at the 724 

beginning of the freshwater flux in response to very fast sea-ice area increase in the North 725 

Hemisphere and a slow return to initial conditions following the AMOC response. The 726 

simulated temperature response is anti-phased with AMOC in the South Atlantic and more 727 

gradual in the Antarctic regions. In another study investigating the role of realistic 728 

geographic freshwater forcing in a coupled climate model, Roche et al. (2010) found also a 729 

slight decoupling between simulated Greenland temperatures and AMOC strength, the latter 730 

being delayed when the AMOC is close to a complete shutdown, while the simulated 731 

temperature in Greenland is more sensitive to surface conditions in the Nordic Seas. In 732 

particular, they showed that the occurrence of deep convection in the Nordic Seas is a prime 733 

control on sea-ice extent, recovery time of the AMOC and Greenland temperature 734 

anomalies. Finally Roche et al. (2010) found that the Antarctic warming is weak and delayed 735 

with respect to the peak Greenland cooling. Even if the last feature is not obvious in the ice 736 

core data, it shows that the modeled climatic evolution in response to freshwater fluxes can 737 

thus be different from the simple bipolar seesaw idealized by Stocker and Johnsen (2003).  738 

 739 

5. Conclusions and perspectives 740 

Despite uncertainties associated with chronologies of East Antarctic ice cores, the AICC2012 741 

approach provides an accurate framework to investigate the bipolar patterns of glacial 742 

climate variability at the millennial time scale, and at the multi-centennial time scale when 743 
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sufficient stratigraphic links are available, such as for the period close to the Laschamp 744 

event. 745 

Common features of Antarctic climate variability are evidenced in a 18O stack record. 746 

Precise synchronization of the different ice core records reveals regional differences. At 747 

EDML, AIM8 and AIM12 are marked by a fast 18O increase, followed by a plateau, while 748 

Taldice and EDC depict a more gradual increase, with reduced rate of warming when EDML 749 

reaches this plateau. High resolution data from EDC and Taldice further depict an optimum 750 

at this inflexion point and sharp warm events at EDC associated with the warm AIM phases 751 

and inflexion points during the Antarctic warming.  752 

Large scale features of Antarctic 18O variations are consistent with the overall seesaw 753 

pattern associated with changes in Atlantic ocean circulation modulated by the inertia of the 754 

southern Ocean, such as an overall warming during the Greenland cold phases, ending when 755 

Greenland is abruptly warming. However, submillennial features of Antarctic variability occur 756 

without a Greenland counterpart. This is for instance the case for the two step patterns 757 

occurring during the warming phase of AIM 8 and AIM 12. Antarctic ice core data related to 758 

dust deposition and moisture origin (d-excess) reveal parallel changes in high latitude 759 

atmospheric circulation, with a very clear signal in dust.  760 

During the warming phase of AIM 8, Greenland temperature is cold and stable, while 761 

changes in Greenland moisture origin and global atmospheric composition suggest 762 

reorganizations of low latitude atmospheric circulation, probably associated with a 763 

southward ITCZ shift, in parallel with the inflexion identified in the Antarctic ice cores.  764 
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During long stadials, there is no fingerprint of Heinrich events in Greenland temperature but 765 

a more complex pattern in the bipolar structure of events than described in the conceptual 766 

bipolar seesaw thermodynamical model. We suggest that, during these long cold phases, 767 

Greenland temperature is decoupled from changes in AMOC and changes in low latitude 768 

atmospheric circulation. Our Antarctic high resolution data suggest fast teleconnections 769 

between changes in low latitude atmospheric circulation and Antarctic temperature, 770 

consistent with recent observations (Ding et al., 2011). The bipolar seesaw concept 771 

therefore does not correctly reflect the complexity of processes at play. 772 

In this study, we thus challenge (i) reconstructions of past Greenland temperature based on 773 

the inversion of the bipolar seesaw model using long Antarctic climate records (Barker et al., 774 

2011), and (ii) the use of Greenland ice core records as a reference for the timing of climatic 775 

changes in North Atlantic during the last glacial period. During cold phases, the wide extent 776 

of sea ice around Greenland probably isolates this region from climate changes occurring at 777 

lower latitudes.  778 
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