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Abstract. Differences in the duration of interglacials have the magnitude of feedbacks and mechanisms contributing to
long been apparent in palaeoclimate records of the Latelacial inception, and as such, difficult to predict. On the
and Middle Pleistocene. However, a systematic evaluation obther hand, the broad duration of an interglacial may be de-
such differences has been hampered by the lack of a metritermined by the phasing of astronomical parameters and the
that can be applied consistently through time and by diffi- history of insolation, rather than the instantaneous forcing
culties in separating the local from the global component instrength at inception.

various proxies. This, in turn, means that a theoretical frame-
work with predictive power for interglacial duration has re-
mained elusive. Here we propose that the interval between o ) ]
the terminal oscillation of the bipolar seesaw and three thou-l ~ Defining interglacial duration
sand years (kyr) before its first major reactivation provides an

estimate that approximates the length of the sea-level high!ntérglacials may be characterized by any property that
stand, a measure of interglacial duration. We apply this conchanges significantly on glacial-interglacial timescales — for

cept to interglacials of the last 800 kyr by using a recently- €Xample, temperature, atmospheric Qfncentration, fau-

constructed record of interhemispheric variability. The on-nal or floral composition. More formally, interglacials (or in-
set of interglacials occurs within 2 kyr of the boreal sum- terglaciations) have been defined as episodes during which

mer insolation maximum/precession minimum and is consis9/0Pal climate was incompatible with the wide extent of
tent with the canonical view of Milankovitch forcing pacing 9laciers (American Commission on Stratigraphic Nomencla-
the broad timing of interglacials. Glacial inception always '€ 1961). Thus, the fundamental concept underlying the

takes place when obliquity is decreasing and never after th&€minology of an interglacial is that of the sea-level high-
obliquity minimum. The phasing of precession and oblig- stand, a measure of integrated global climate effects, which

uity appears to influence the persistence of interglacial con!€2d t0 the loss of continental ice. By extension, interglacial
ditions over one or two insolation peaks, leading to shorter®"9th is linked to the duration of the highstand, demarcated
(~ 13kyr) and longer-+{ 28 kyr) interglacials. Glacial incep- by deglaciation and glaplal inception. A broad Q|st|nct|on be-
tion occurs approximately 10 kyr after peak interglacial con- Ween shorter (approximately half a precession cycle) and
ditions in temperature and GQrepresenting a characteris- 0N9€r (approximately half an obliquity cycle or more) inter-
tic imescale of interglacial decline. Second-order differencesd!acials has been recognized (e.g. Shackleton, 1969; EPICA
in duration may be a function of stochasticity in the climate COMMunity members, 2004; Tzedakis et al., 2009), although

system, or small variations in background climate state and!0Ser inspection has hinted at considerable variation in spe-
cific durations (e.g. Forséim, 2001; Tzedakis et al., 2004).

Published by Copernicus Publications on behalf of the European Geosciences Union.



1474 P. C. Tzedakis et al.: Can we predict the duration of an interglacial?

Accounting for such differences can provide insights into cli- and Johnsen, 2003), whereby changes in the strength of the
mate forcings and feedbacks that are relevant to the onset andOC lead to changes in interhemispheric heat transport. An
end of interglacials. A more general motivation is to considerasymmetric response has also been observed in North At-
whether the duration of interglacials obeys some simple ruledantic cores on the Portuguese margin (Shackleton et al.,
or whether it is essentially unpredictable because of stochas2000; Margari et al., 2010) and the Gardar Drift (Hodell et
ticity in the climate system and small differences in back- al., 2010), whereslsomanktonic records resemble the Green-
ground climate state. land temperature record, reflecting rapid migration of the po-
To pursue this question the timing of sea-level changedar front (Shackleton et al., 2000), wheréd80penthiccurves
needs to be constrained, but direct sea-level determinationsesemble the Antarctic temperature record, both in shape and
supported by precise geochronological dating are unavailphasing relative to surface-water changes. This primarily re-
able for most Middle Pleistocene interglacials. THEO flects changes in local deep-watéPOqy, a significant por-
from benthic foraminifera may be used as a sea-level proxytion of which is attributed to changes in deep-water sourcing
but is overprinted by local deep-water temperature and hy-and/or source signature (Skinner et al., 2007).
drographic effects, especially near inflection points in the We propose that the interval between the “terminal” oscil-
8180 curve (e.g. Chappell and Shackleton, 1986; Skinnedation of the bipolar seesaw, preceding an interglacial, and
and Shackleton, 2005). In addition, tlé80 of seawater its first major reactivation represents a period of minimum
(6180suw) is relatively insensitive during glacial inception be- extension of ice sheets away from coastlines. Given that the
cause early ice is less depletedfi® than ice accumulated response of the MOC and the strength of the bipolar see-
later in the glacial cycle (Mix and Ruddiman, 1984). A record saw may be modulated by different boundary conditions (e.g.
using shallow-infaunal benthic foraminifera to deconvolve Green et al., 2010; Margari et al., 2010), it is conceivable that
deep-water temperatures adtfOs,, over the last 1.5 mil-  a non-active bipolar seesaw might not necessarily indicate in-
lion years has recently become available from the ODP sitderglacial conditions (false-negative) or that an active bipolar
1123 on the Chatham Rise, east of New Zealand (Elderfieldeesaw might not indicate glacial conditions (false-positive).
et al., 2012). With hydrographic effects considered minimal With respect to the former, however, a terminal oscillation of
at this site, thé180,, provides an important insight into ice- the bipolar seesaw appears to be a characteristic feature of
volume changes over this interval, but the propagated error ofleglaciation (e.g. Cheng et al., 2009; Ganopolski and Roche,
+0.2 %o in calculated'®0g, (20 m sea-level-equivalent), 2009; Barker et al., 2011). With respect to the latter, fresh-
estimated by Elderfield et al. (2012), is too coarse to al-water fluxes can occur within an interglacial, but are unlikely
low a precise demarcation of the onset and end of the seao lead to a major disruption of the MOC when the system
level highstand at the scale of individual interglacials. A con-is in a “warm circulation mode” (Ganopolski and Rahmstorf,
tinuous sea-level reconstruction based on planktét© 2001); thus, the first major reactivation of the bipolar seesaw
records and a hydrological model for the Red Sea is availablevould probably constitute an indication that the transition to
for the last 520 kyr (Rohling et al., 2009), but it is unclear a glacial state had already taken place.
whether the sea-level component has been entirely isolated. The occurrence of the bipolar seesaw can be determined
Comparison with direct sea-level determinations from Ma- stratigraphically in ice cores and marine sequences, by the
rine Isotope Stage (MIS) 5 (Thompson and Goldstein, 2006)characteristic fingerprint of interhemispheric changes in cli-
shows that the Red Sea record does well in estimating thenate and hydrographic conditions (Tzedakis et al., 2012).
height of the highstand, but less well in inferring the timing The current and last interglacials provide a test of this ap-
of glacial inception, with short peaks followed by early sea- proach. The onset of the current interglacial (Fig. 1) is placed
level declines. The modelled sea-level curve by Bintanja andat the end of the Younger Dryas stadial, representing an
van de Wal (2008) extends over the last 3 million years, butinterruption of the deglaciation process, with glacial read-
depends on assumptions about deep-water temperatures amances in some regions and a reduction in the rate of sea-level
their coupling with atmospheric temperatures. Interglacialrise (Bard et al., 2010). The Younger Dryas also represents
duration in this record would thus reflect the model’s prior the last significant bipolar-seesaw oscillation, when temper-
assumptions. atures rose in Antarctica, while the North Atlantic cooled.
Whereas pinpointing the start and end of the highstandrlhis definition of the interglacial onset excludes a large part
in convolved sea-level proxy records is not straightforward, of the early Antarctic warming and may, at first glance, ap-
an indication of the presence of ice sheets can be providegear North Atlantic-centric. However, given that major ice
by the occurrence of interhemispheric millennial-scale cli- sheets were located around this region, a North Atlantic-
mate variability. This requires ice sheets large enough to exbased interglacial definition, for example using the increase
tend to coastlines and produce iceberg discharges that disn Greenland temperatures, is not entirely at odds with the
rupt the meridional overturning circulation (MOC), leading concept of the sea-level highstand. In a similar vein, the end
to rapid cooling of the North Atlantic and gradual warming of terminal Heinrich Event 11 defines the onset of the Last
of Antarctica. This asynchronous phasing in temperaturednterglacial, which excludes the early Antarctic warming,
can be explained by a bipolar-seesaw mechanism (Stockesut includes the peak in GHconcentrations and the rise in
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Fig. 1. Lateglacial and Holocene palaeoclimate reco(d3.sea-

level reconstruction (Lambeck and Chappell, 20¢t);3180 com-
position of ice in the NGRIP ice core, Greenland (North Greenland
Ice Core Project members, 20049) §D composition of ice in the
EPICA Dome C (EDC) ice core (Jouzel et al., 2007). Grey band
denotes the position of the Younger Dryas (YD) stadial.
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Greenland temperatures reconstructed by Barker et al. (2011)
(Fig. 2). Although intra-interglacial events may have also dis-
rupted the MOC (e.qg. the “8.2 kyr before present [BP] event”,
or an event- 126 kyr BP), they do not appear to have left an
unambiguous interhemispheric fingerprint in Antarctic ice-
core records.

With respect to the end of interglacials, the MIS 5e—
5d transition represents the only relevant period with di-
rect sea-level determinations and precise chronologies thatig. 2. Last Interglacial palaeoclimate recorda) sea-level recon-
allow us to infer a sequence of events around the time oktructions by Thompson and Goldstein (2006) (continuous line)
glacial inception (Fig. 2). The first major perturbation of the and Kopp et al. (2009) (dashed lin€l) ice rafted detritus (IRD)
MOC occurred during cold-water event C24, characterizedabundance data in Site OPD 980 in the North Atlantic (Oppo et
by abrupt surface cooling and ice rafting in the North At- al- 2006);(c) reconstructeds*30 composition of ice in Green-
lantic, and decreased Greenland temperatures, gradual dind synthetic (Gl_syn) record; timescale based on alignment
crease if180penmicvalues, and gradual warming in Antarc- '© Chinese speleothem records (Barker et al,, 20(d));atmo-
tica (Shackleton et al., 2002; Oppo et al., 2006: Capron e pheric CH concentration in the EDC ice core (Loulergue et al.,

008), on the Glz_syn timescale of Barker et al. (2011%) 180
al,, 2010). The onset of these changes,11 kyr BP accord- composition of planktonic foraminifera in core MD95-2042 on the

ing to revised estimates based on precisely dated speleothepyyguese margin (Shackleton et al., 2002); timescale based on
records (Drysdale et al., 2007; Cheng et al., 2009; Barker epjignment of thelslsoplanktonic record to the Glg_syn record of
al., 2011), suggests that ice sheets had become large enougher et al. (2011)(f) 5180 composition of benthic foraminifera
to calve along coastlines and disrupt the MOC. Direct seain core MD95-2042 on the Portuguese margin (Shackleton et al.,
level determinations indicate that sea level felL19kyrBP  2002); timescale as ife); (g) D composition of ice in the EDC
(Thompson and Goldstein, 2006), but rose again after thatice core (Jouzel et al., 2007), on the @&Lsyn timescale of Barker
Sea level started falling monotonically between 115 andet al. (2011). Grey bands denote the position of terminal Heinrich
113 kyr BP, reaching 20-30 m below present by the time ofEvent 11 (H11) and of cold-water event C24. Thick dashed line
event C24 (Thompson and Goldstein, 2006). Thus, gIaciaPhOWS the estimated timing of the monotonic drop in sea-level on
inception occurred~ 3kyr before the onset of significant the Thompson and Goldstein (2006) chronology.
bipolar-seesaw variability.

The reactivation of the bipolar seesaw provides a mini-
mum age or a “terminus ante quem” for glacial inception,
which clearly had occurred sometime before. Based on the
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Fig. 3. Astronomical parameters and palaeoclimatic records for the interglacials corresponding to MIS 5e, 7e, 9e and 11c. Thick horizontal
bands indicate estimated interglacial duration (see téa})obliquity (Laskar et al., 2004)b) 21 June insolation 69\ (Laskar et al.,
2004);(c) Reconstructed180 composition of ice in Greenland synthetic (gLsyn) record (Barker et al., 2011(d) atmospheric CQ
concentration in Antarctic ice coresifthi et al., 2008)(e) §D composition of ice in the EDC ice core (Jouzel et al., 2007). Palaeoclimate
records from the interval 0—400 kyr BP are plotted on therGkyn timescale based on alignment to Chinese speleothem records (Barker

et al., 2011). As this does not extend to the base of the MIS 11c, records from the early part of the interglacial (dotted lines) are plotted on
the EDC3 timescale of Parrennin et al. (2007) (see Barker et al., 2011). Thus the timing of the MIS 11c glacial inception is based on the
GLy_syn/Chinese speleothem timescale, but the interglacial onset is based on the EDC3 timescale.

MIS 5e-5d transition, we propose to apply the same respons2004; Parrenin and Paillard, 2003). Instead, it represents a
phasing of 3kyr to infer the onset of glacial inception at time when ice sheets had retreated from the coastline and
previous interglacial-to-glacial transitions. Transient simula-includes the early peaks in northern temperature and green-
tions with the CLIMBER-2 intermediate-complexity model house gases that are part of our intuitive concept of an inter-
with interactive ice sheets show a faster increase in inlandglacial. It is therefore important to underline that this defi-
ice area and volume at lower insolation minima compared tonition of interglacial duration is not identical to a definition
moderate minima (Calov et al., 2009). Given the large de-based on a fixed sea-level threshold. It represents instead a
crease in summer insolation over the Last Interglacial as dprocess-based” definition (relying on the operation of the
result of the strong eccentricity-precession forcing, we sug-bipolar seesaw in proximity to climate intervals of interest),
gest that the value of 3 kyr may be treated as a minimum. Wewhich allows a stratigraphic delimitation of an interval ap-
thus estimate interglacial duration as the interval between th@roximating the length of the sea-level highstand. As such,
terminal occurrence of bipolar-seesaw variability and 3kyrit can be applied consistently on any interval with a sea-
before its first major reactivation. This fixed lag inevitably level highstand throughout the part of the record character-
introduces a further layer of uncertainty on top of timescaleized by millennial-scale variability and circumvents difficul-
errors, but on the other hand, it allows a more realistic esti-ties of comparing periods that may not meet the conventional
mate of the timing of new ice growth and an assessment ofdea of an interglacial characterized by sea level at least as
the magnitude of associated changes in forcings and feediigh as that of the Holocene.

backs. At the other end, the placement of the interglacial on-

set after the terminal bipolar-seesaw oscillation does not rep-

resent the time when maximum sea level was attained, no?2 Applying the concept

would it necessarily lead to the same value of relative sea ] ] ] .

level between interglacials, as rates of deglaciation may vary/Ve determine the duration of interglacials over the last
between terminations, depending on the location and size 0800 kyr (Figs. 3 and 4), for which ice-core records of at-

ice sheets and insolation forcing (e.g. Ehlers and GibbardMospheric C@and CH, concentrations are availablei(thi
et al.,, 2008; Loulergue et al., 2008), thereby providing

Clim. Past, 8, 14734485 2012 www.clim-past.net/8/1473/2012/



P. C. Tzedakis et al.: Can we predict the duration of an interglacial? 1477

AP,
P N Mgf:
2l LA e e, |

-451 oA - A E E 300

N
R

N
@

(Obliquity (%)

(b)

.30+ MIS 13a MIS 15a

(W M) NoG9 uone|osul

22 ‘f E

o (%0)

GL,synd"0,
I
5

(Awdd) ‘00

(d) [ [
J M F ST N M 250
7////\/\ va ~ - . \ —/\ v \\ o ‘V\/W\/\A\ 7\//*‘//V

20
< 4004 (e) B v\ B - 1 1
o
% 4004 /\ﬁ/&\w’\« | \/ 4 A //“”\A 1 ’K‘V//»M\A»J\ | \/’“
9 /! Vel Y
470 480 430 500 510 560 570 580 590 600 610 620 630 670 680 630 700 710 720 770 780 790
Age (kyr BP) Age (yr BP) Age (yr BP) Age (kyr BP) Age (kyr BP)

0

Fig. 4. Astronomical parameters and palaeoclimatic records for the interglacials corresponding to MIS 13a, 15a, 15c¢, 17 and 19c. Thick
horizontal bands indicate estimated interglacial duration (see text). The onset of MIS 15c is placed at the second jumg-indyie @tord

(621 kyr BP), rather than the first (626 kyr BP) on the basis of comparisons with isotopic and IRD records from the North Atlantic (Hodell
et al., 2008), showing that 626—621 kyr BP is a complex deglaciation interval, with the terminal Heinrich event occurring at 621 kyr BP.
(a) obliquity (Laskar et al., 2004]b) daily mean insolation at the summer solstice (21 June)aNghaskar et al., 2004)c) Reconstructed

8180 composition of ice in Greenland synthetic (@Lsyn) record (Barker et al., 2011(d) atmospheric C@ concentration in Antarctic

ice cores (luthi et al., 2008)(e) §D composition of ice in the EDC ice core (Jouzel et al., 2007). Palaeoclimatic records are plotted on the
EDC3 timescale of Parrenin et al. (2007).

important constraints on climate boundary conditions. Whilethe central North Atlantic (Hodell et al., 2008) and the Gardar
extending this investigation into the 41-kyr world of the Early Drift (Channel et al., 2010; Tzedakis et al., 2012), showing
Pleistocene is also desirable, the limited information on keyasymmetric changes in their benthic-planktostiO signals
climatic indices makes this task difficult at present. Follow- and occurrence of ice rafted detritus. The main advantage
ing Tzedakis et al. (2009), the most prominent temperateof using the Gly_syn record is that it has been placed on
sub-Stage within each odd-numbered Marine Isotope Stagan absolute timeframe by alignment to precisely-dated Chi-
of the benthic LR04 stack (Lisiecki and Raymo, 2005) is nese speleothem records for the interval 0-400 kyr BP. Be-
assigned an interglacial status (in MIS 15, both temperatdore 400 kyr BP, the Gk_syn record uses the EDC3 chronol-
sub-Stages 15a and 15c appear to be equally prominentpgy (Parrenin et al., 2007).

The occurrence of the bipolar seesaw may be inferred from

the asynchronous phasing between Qidncentrations (as ,

a surrogate of Northern Hemisphere changes) and Antarc3 EMerging patterns
tic temperatures in the EPICA Dome C (EDC) ice COre o 1 lacial inception
(Jouzel et al., 2007; Loulergue et al., 2008), although the™
CHg record may occasionally not record all eyeqts as ClearlyFigure 5 shows that the onset of interglacials occurs within
as North Atlantic records (e.g. subdued £¥riations dur- 5 yr of the boreal summer insolation maximum/precession
ing Greenland Interstadials GI 19 and 20). Here we identify yinimum. The end of interglacials, however, does not fall
the occurrence of abrupt events on a new synthetic Greeng,nsistently on the same part of the insolation curve, which
land (GLy—syn) record, constructed from the EBD record o 4 ga4ts that the factors responsible for glacial inception are
based on the bipolar-seesaw model (Barker et al., 2011). Al qre giverse and potentially “non-stationary”. Climate mod-
though this is an indirectly-reconstructed Greenland tempery,jing studies show that a reduction in boreal summer inso-
ature analogue, its comparison with h|ghly—resol\5é_80” lation is the primary trigger for glacial inception, with GO
planktonic and pollen records of millennial-scale variability playing a secondary role (Vettoretti and Peltier, 2004; Calov
from the Portuguese margin that extend beyond the Last g 5| 2009); reducing (increasing) @Eoncentrations shifts
terglacial (e.g. Margari et al., 2010) has shown a close simiyg jnception threshold to higher (lower) insolation values
larity. Where available, the identification of the bipolar see- (Berger et al., 1998; Archer and Ganopolski, 2005). A num-
saw may be corroborated by marine records from the Porye, of feedhacks and mechanisms (snow-albedo, ocean dy-
tuguese margin (Tzedakis et al., 2004; de Abreu etal., 2005), 5 mics, equator-to-pole moisture transport, sea-ice-albedo,
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forest-albedo) combine synergistically to amplify glacial in-
ception (e.g. Khodri et al., 2001; Crucifix and Loutre, 2002;
Vettoretti and Peltier, 2004; Calov et al., 2005). Below, we
consider each inception in detail in relation to astronomical
and CQ changes (Figs. 3 and 4).

MIS 5e glacial inception (114 kyrBP) occurred near
the insolation minimum (116 kyr BP) and obliquity mini-
mum (112 kyr BP). The large decline in summer insolation
(110Wn12) and associated feedbacks during MIS 5e ap-

akis et al.: Can we predict the duration of an interglacial?
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Fig. 6. Timing of the onset (diamonds) and end (circles) of inter-
glacials in relation to an idealized obliquity curve.

pear to have been sufficient to lead to inception, despite the

relatively high CQ concentrations of 256 3 ppmv.

MIS 7e a large decline in summer insolation (92 W fi)
coupled with a considerable drop in @@oncentrations
to 2445+ 0.5ppmv led to an early glacial inception at
234 kyr BP and one of the most extensive glaciations (MIS
7d) within an interglacial complex (e.g. Ruddiman and Mcin-
tyre, 1982). The short interglacial duration (9 kyr) is likely a

CO, concentrations had dropped to 222 ppmv. Glacial
inception appears to have taken place well ahead of the min-
imum in summer insolation (475 kyr BP) and the minimum
in obliquity (474 kyr BP) and there is some support for this
from speleothem records in the Sanbao Cave, China (Cheng
etal., 2012).

MIS 15a glacial inception occurred at 562 kyr BP, when

result of the strong eccentricity-precession variations and thsummer insolation was 480 WTA and CQ concentrations

occurrence of the obliquity minimum (232 kyr BP) near the
insolation minimum (231 kyr BP).

MIS 9e glacial inception ¢ 323 kyr BP) occurred at the
summer insolation minimum (323 kyr BP)y 9 kyr ahead
of the obliquity minimum. Insolation and GQdeclined by
78 W2 (to 463 W nm2) and 43 ppmv (to 256 3 ppmv),
respectively.

MIS 11c interglacial values persisted over two insola-
tion peaks. Glacial inception occurred at the time of the
summer insolation minimum 398 kyr BP, according to the
speleothem Gf_syn timescale. This is- 5kyr earlier than

240+ 5 ppmv. The timing of inception post-dates the inso-
lation minimum by 5kyr and pre-dates the obliquity mini-
mum by 5Kkyr. It should be noted that the duration of MIS
15a has been considerably shortened in the EDC3 timescale,
which combines snow accumulation and mechanical flow
model with independent age markers (Parrenin et al., 2007),
relative to the earlier EDC2 chronology based only on ice-
flow modelling (EPICA community members, 2004). How-
ever, the onset of millennial-scale variability occurs 3 kyr ear-
lier in North Atlantic sequence U1308 (Hodell et al., 2008),
which although within the absolute age uncertainty of 6 kyr

in the EDC3 timescale, but in agreement with the Domein EDC3, suggests that ice-flow irregularities may still be an
Fuji ice core chronology, based on astronomical tuning ofissue in this part of the ice core.

the Q/N; ratio of trapped air to local insolation (Kawa-  MIS 15c unlike other interglacials, glacial inception
mura et al., 2007, 2008), implying that the EDC3 ages over~ 601 kyr BP occurred 9kyr after the summer insolation
this interval may be too young. Atmospheric £€€ncentra-  minimum, near the ensuing summer insolation maximum,
tions at inception remained high (259—-265 ppmv), but sum-which coincided with a minimum in obliquity. Unusually, at-

mer insolation had decreased to 466 W4rand obliquity
was reaching its minimum value at 394 kyr BP.

MIS 13a interglacial values persisted over two insola-
tion peaks. Glacial inception occurredrad81 kyr BP, when
summer insolation was relatively high at 500 W#n but

Clim. Past, 8, 14734485 2012

mospheric C@ concentrations reached their peak values of
260 ppmv at the time of the summer insolation minimum and
then declined to 233 4 ppmv by the time of the inception.
Compared to EDC2, the revised EDC3 timescale has led to
a longer MIS 15c, with the start and end of the interglacial
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Fig. 7. Plot of atmospheric C®and boreal summer insolation values at the time of glacial incep@rCO, concentration (Lithi et al.,

2008) versus daily mean insolation at the summer solstice (21 Juné) it(@askar et al., 2004)p) CO, concentration (Lithi et al., 2008)

versus insolation at 8N integrated over the caloric summer (the 180 days of highest insolation, assuming a 360-day year) (Milankovitch,
1941; Berger, 1978x) CO, concentration (Lithi et al., 2008) versus insolation at’gs integrated over all days for which insolation exceeds
275W 2 (Huybers, 2006).

occurring earlier and later, respectively, though as in MIS3.2
15a, the effect of ice-flow irregularities may not have been
entirely resolved. Again, comparison with U1308 (Hodell et
al., 2008) suggests an earlier onset of millennial-scale vari
ability by 3 kyr, which would shift the time of glacial incep-
tion to 604 kyr BP.

Interglacial duration

Estimates of interglacial length (Fig. 8, Table 1) suggest two
main groups with mean duration of £3 kyr and 28t 2 kyr,
respectively. More specifically, interglacials of the first group

MIS 17 interglacial values persisted over two insola- (MIS 5,’8' 7€, 9, 15a and 19¢) are characterized by. early
tion peaks. Glacial inception occurred-a684 kyr BP, 2 kyr peaksin temperatu'res anq greenhouse gas concentrations fol-
ahead of the summer insolation minimum and 5 kyr aheadowed by monotonic declines (though not in MIS 15a). In-
of the obliquity minimum. Insolation and GOvalues had terglacials of the second group (MIS 11c, 13a and 17) are
dropped to 457 W m?2 and 218+ 1 ppmv, respectively. characterized by slow deglaciation (Rohling et al., 2010;

MIS 19c glacial inception at~ 775'5 kyr BP occﬁrred Ruddiman et al., 2011) and the persistence of interglacial

near the insolation minimum at 777 kyr BP,10 earlier than \{alues over two summer insolgtion peaks. The long .d‘.”a'
the obliquity minimum at 765 kyr BP, in agreement with the tion of MIS llq has be_en attnbute_:d to weak ec_centrICIty-
identification of the onset of bipolar-seesaw variability in ma- precession forcing, I_eadlng toa _sklpped preces_smnal cycle,
rine sequence ODP 983 in the North Atlantic (Channell, etWith Ob,"qu”Y becoming the dominant astronomical param-
al., 2010; Tzedakis et al., 2012). Summer insolation and CO &t€r driving ice volume changes (Masson-Delmotte et al.,
values were 477 W n? and 240+ 5 ppmv, respectively. 2006). However, MIS 13a and 17 are not characterized by

The empirical evidence shows that of the nine glacial in_subdued eccentricity-precession variations, which suggests

ceptions considered here (Fig. 5), five occurred over the dethat their extended duration is a function of some other fac-

scending limb of the 21 June at B8 insolation curve (dom- tor. This is_ fu_rther underlined t_)y the short du_ration of MIS

inated by precession) or at its minimum. Three glacial incep—lgc’ despite its subdueq gmplltude O,f |nso|a_t|on change_s, as
tions (MIS 5e, 15a, 19¢) occurred at a time of rising summer® result of weak eccentricity-precession forcing (Tzedakis gt
insolation, while that of MIS 15c appears to have occurredal" 2012). O'ne aspect common to MIS 11c, 13a gnd 17s
at the insolation maximum. All inceptions occurred over theth_at precession and qbllqwty are ”?a”y opposne n ph_ase,
descending limb of the obliquity curve and none after the ith the obliquity maximum post-dating the first precession

obliquity minimum (Fig. 6). This lends support to climate minimum by 11-13kyr and preceding the second preces-

modelling experiments that suggest that changes in obliquity> °" .mlmlml.Jm by 8-10kyr. Th|sdmearr11$ that th? first sum-
dominate ice accumulation in high latitudes, while changesme,r Inso ation minimum occurrec "’,‘tt € t|me. of maximum
in the eccentricity-precession and €fdiative forcing have obliquity. A low value of obliquity is important in determin-

each about half the effect of the obliquity forcing (Vettoretti "9 I¢€ accumulationin high latitudes, by leading to an inten-
and Peltier, 2004). Examination of summer insolation anolS|f|ed equator-to-pole insolation gradient and increased pole-

CO, values at the nine inceptions (Fig. 7) reveals a weakVard transport of moisture, and by delaying the spring melt
negative trend: lower C®concentrations are encountered season (Raymo and '\"Sa”c'og'“a ?003; Vettoretti gnd Peltier,
at higher insolation values, echoing modelling results (e.g.2004)' In the absence of any significant decrease ip €D-

Berger et al., 1998; Archer and Ganopolski, 2005), althoughcentrations (Figs. 3 and 4), the eccentricity-precession forc-
the spread in insolation values is large ing alone would not have been sufficient to override the ef-

fect of maximum obliquity, leading to a skipped precessional
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40 Table 1. Timing of the onset and end of interglacials of the last
800 kyr and their estimated duration.
30 ] MIS Onset End Duration
o kyr BP  kyr BP kyr
;: 5e 129 114 15
§ m Te 242.6 233.6 9
§ 9e 335 3234 11.6
11c 425 398 27
104 L L 13a 508 481 27
15a 579 562 17*
15c 621 60t 20*
o 17 715 684 31
5 76 9 1lc 13a 15a 15 17 19c 19¢c 788 7755 12.5
Mis * The EDC3 chronology, which forms the basis for
. . . . . i the age of these events, may be affected by ice-flow
Fig. 8. Estimates of the duration of interglacials during the past irregularities in that part of the EDC ice core, which
800 kyr. in turn influences the estimated duration of these

interglacials (see text).

into a second higher insolation peak, where maximum inter-
glacial Greenland temperatures and G@lues are reached.
By comparison, maximum temperature and G@lues are
encountered at the start of the short interglacials (MIS 5e,
7e, 9e, 19c). The strong correlations shown in Fig. 9 point

[}
S
I

n
o
!

Interglacial duration (kyr)
Interglacial duration (kyr)

104 .78 to a characteristic timescale of interglacial decline of-380
kyr and 10543.5 kyr after peak Greenland temperatures and
ol 0 CO, concentrations, respectively. This interglacial decline
Inteorval from Iclostartto peii temperati?es (kyr) Olnter\/a\ fro1r: IG s1art1i0peak COj?(yr) may be seen as an aspect of the forcmg or of internal dy-

namics (e.g. limit cycle such as carbonate compensation).
Fig. 9. Plot of the interval of ime over which peak interglacial M!S 15C represents one notable exception, where peak values
values are attained versus durati¢a interval of time from inter- ~ Were attained at the summer insolation minimum. Decreases
glacial start to peak GE_syn temperatures versus interglacial du- in Antarctic temperature and G@ook place over the rising
ration; (b) interval of time from interglacial start to peak G@on- limb of the insolation curve, which may point to the over-
centrations versus interglacial duration. The regression likés (  riding influence of obliquity reaching its minimum during
0.91) are essentially shifted from the 1:1 line by10kyr, repre-  the same time, or alternatively to inaccuracies in the EDC3
senting an interglacial “relaxation” time back to glacial conditions. timescale.
Figure 10 shows the Cand summer insolation values at
the time of glacial inception in relation to interglacial du-
beat and the persistence of interglacial values over an exration. With respect to C®concentrations (Fig. 10a), the
tended period. warmest interglacials, MIS 9e, 5e and 11c, appear to have
MIS 15c stands apart, having an intermediate duration ofsimilarly high CG values at inception, despite differences in
~ 20 kyr (assuming that the EDC3 chronology is not affectedduration. A linear pattern, however, emerges for the “cooler”
by ice-flow irregularities in that part of the core) and sharing (sensu Tzedakis et al., 2009) interglacials MIS 7e, 19c, 15a,
some characteristics of both groups: precession and obligi5c, 13a and 17, which show a decrease inp @G@eption
uity are in phase at its onset and the interglacial does not exvalues as interglacial duration increases. It is interesting to
tend over two insolation cycles; on the other hand, Greenlancdhote that the ordering of these cooler interglacials reflects
temperatures peak late and £€oncentrations rise gradu- differences in their relative interglacial intensities on the ba-
ally during the interglacial, reaching a maximum 11 kyr into sis of their peak values in Antarctic temperatures ang CO
the interglacial. MIS 15c is characterized by a slow deglacia-concentrations (Fig. 11), such that the coolest interglacial
tion with maximum sea level attained late in the interglacial MIS 17 is also the longest. This initially appears somewhat
(Ruddiman et al., 2011), in parallel with the gévolution. counterintuitive, as one might have expected the coolest in-
The interval of time over which peak temperature andterglacials to glaciate faster, but it may be related to the ef-
CO, values are attained is related to interglacial durationfect of lower interglacial temperatures on precipitation: the
(Fig. 9): the longest interglacials (MIS 11c, 13a, 17) extendhydrological cycle is less active when temperature decreases
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Fig. 10. Plot of atmospheric C® and boreal summer insolation 0 100 200 300 400 500 600 700 800
values at the time of glacial inception versus interglacial duration. Age kyr BP

(a) CO, concentration at inception versus durati@), daily mean

insolation at the summer solstice (21 June) at 5Laskar et ~ Fig. 11.Relative intensities of the “cooler” interglacials on the ba-
al., 2004) at inception versus interglacial duratis);insolation at  sis of their peak values in Antarctic temperatures ang C@ncen-

65° N integrated over the caloric summer (the 180 days of highestirations.(a) atmospheric C@ concentration in Antarctic ice cores
insolation, assuming a 360-day year) (Milankovitch, 1941; Berger, (LUthi et al., 2008)(b) sD composition of ice in the EDC ice core
1978) at inception versus duratio(d) insolation at 68N inte- (Jouzel et al., 2007). Records are plotted on the EDC3 timescale of
grated over all days for which insolation exceeds 275 WrtHuy- Parrenin et al. (2007).

bers, 2006) versus interglacial duration.

4 Synthesis
and lower snow accumulation could outweigh the effect of
reduced ablation on ice sheet growth (e.gll&n etal., 1979;  The start of interglacials is in line with the canonical view
Ghil and Le Treut, 1981; Ghil et al., 1987). Lower €€on- of Milankovitch forcing dictating the broad timing of in-
centrations would therefore be required to trigger glacial in-terglacials (Milankovitch, 1941; Hays et al., 1976). More
ception and this may account for differences in relative in- Specifically, insolation/precession changes pace the timing
terglacial duration, such as that between the ‘double-peaked®f terminations, although the actual mechanisms control-
interglacials MIS 13a and 17. ling terminations may be related to the critical size of ice
No clear pattern emerges with respect to summer inso|aSheetS and also to bipolar-seesaw Variability and its influ-
tion (daily mean insolation at the summer solstice, insolationence on CQ concentrations, combined with insolation forc-
integrated over the caloric summer and insolation integratednd and ice-albedo feedbacks (e.g. Raymo, 1997; Paillard,
over all days for which insolation exceeds 275 W4nval- 2001; Wolff et al., 2009; Denton et al., 2010; Barker et al.,
ues at inception and interglacial duration (Fig. 10b, c, d). A2011). Glacial inception always takes place when obliquity
weak negative trend may be discerned within the longer inds decreasing, but does not appear to be a simple function of
terglacials, but interglacials with similar durations (e.g. MIS the crossing of a specific threshold value in insolation (cf.
13a and 11c) had substantially different insolation values afcalder, 1974). Interglacials may be classified as either short
glacial inception. The overall lack of pattern may be related (mean duration- 13 kyr) or long (mean duratioty 28 kyr).
to timescale inaccuracies, but it may also imply that the in- The phasing of precession and obliquity appears to influence
stantaneous value of insolation at inception is not the criticalthe persistence of interglacial conditions over one or two in-
parameter controlling interglacial duration. solation peaks: the longest interglacials are characterized by
the first summer insolation minimum occurring at the time of
maximum obliquity, leading to a skipped precessional beat.
Peak interglacial conditions are reached either early in the
short interglacials or during the second insolation peak in
the longer interglacials, with one exception (MIS 15c) when
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is something of a conundrum in that the phasing of preces-

- ~ 8 sion and obliquity would suggest an interglacial lasting about
@ — S half a precession cycle, but its estimated duration is between
005 ms 17 o2 Z long and short interglacials~(20 kyr), with glacial incep-

-0.025 tion occurring at the insolation maximum, which may imply
that the EDC3 chronology is affected by ice-flow irregular-
‘ ‘ ‘ ‘ ‘ ities in that part of the core. A corollary of all this is that
680 690 700 70 720 we should also be able to predict the duration of the cur-
rent interglacial in the absence of anthropogenic interference.

Precession
o

0.025
0.05+4

T T~ |24

_ o
®) // \\\ | o3 % The phasing of precession and obliquity (precession mini-
I WIS 96 ~_ | 3 mum/insolation maximum at 11 kyr BP; obliquity maximum
o - e at 10 kyr BP) would point to a short duration, although it has
2 been unclear whether the subdued current summer insolation
2 0025 minimum (479 W mr2), the lowest of the last 800 kyr, would
008+— 1 5 ™ o " be sulfficient to lead to glaciation (e.g. Crucifix, 2011). Com-

J— parison with MIS 19c, a close astronomical analogue char-
// S = acterized by an equally weak summer insolation minimum
& (474 W n12) and a smaller overall decrease from maximum

0.05 N Loz summer solstice insolation values, suggests that glacial in-
-0.025 ception is possible despite the subdued insolation forcing,
if CO2 concentrations were 2405 ppmv (Tzedakis et al.,
o 2012).

' 230 240 250 260 270 Second-order differences in the relative timing of glacial
— 24 inception within the same duration group (long and short
interglacials) may be caused by chronological uncertainties
e . and the simplistic assumption of a fixed lag between new
OOOZ: — o ice growth and the onset of bipolar-seesaw variability. Small

' variations in climatic context of an interglacial and the mag-
0.025 nitude of feedbacks may also have contributed to the diver-
0.05 ‘ ‘ ‘ | ; gence in the timing of glacial inception. For example, a neg-
-10 0 10 20 30 . .. . .
Age (kyr BP) ative precipitation-temperature feedback may be responsible
for the greater interglacial duration associated with cooler in-
Fig. 12.Phasing of precession and obliquity (Laskar et al., 2004) interglacials.
relation to interglacial duration (indicated by horizontal bars). While more precise chronologies are still required, espe-
cially for the interval 400-800 kyr BP, the systematic estima-
tion of interglacial length represents a step towards the devel-
temperature and Cappear to have peaked near the summeropment of a theoretical framework to account for first-order
insolation minimum. Glacial inception takes place approxi- differences in interglacial durations in the Middle and Late
mately 10 kyr after peak interglacial conditions, representingPleistocene. Second-order differences may be more difficult
a characteristic timescale of interglacial decline. to predict (why is MIS 5e longer than MIS 19c¢?), especially
These observations suggest that one may be able to préf stochasticity in the climate system and small variations in
dict the broad duration of an interglacial from its very out- context and feedbacks lead to differences in the timing of
set. If the start of an interglacial and its associated insolatiorinception. Although contextual differences (e.g. residual ice
maximum/precession minimum occurs 9 kyr or more beforevolume) may not be easy to reconstruct from proxy records
the obliquity maximum (Fig. 6), then we would expect a long especially for earlier interglacials, experiments with Earth
interglacial which would register peak conditions during the System models may provide useful insights into their rel-
second insolation maximum (MIS 11c, 13a, 17; Fig. 12a). If ative importance. In more general terms, the analysis pre-
the start of an interglacial and its associated insolation maxsented here emphasizes the “memory” of the climate system,
imum/precession minimum occurs near the peak in oblig-whose response to insolation forcing depends on the evolu-
uity (Fig. 6), then an interglacial of approximately half a tion of astronomical parameters and their integrated effects
precession cycle would be expected (MIS 5e, 9e, 15a, 19copver time, rather than the instantaneous forcing strength.
Fig. 12b). Given that glacial inceptions do not occur over the
ascending limb of the obliquity curve (Fig. 6), an even shorter
duration would be expected if the interglacial starts well after
(e.g. 8-9 kyr) the obliquity peak (MIS 7e; Fig. 12c). MIS 15c¢

(o) Aunbigo
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