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Interglacials of the last 800,000years
Past Interglacials Working Group of PAGES1

1See Appendix A

Abstract Interglacials, including the present (Holocene) period, are warm, low land ice extent (high sea
level), end-members of glacial cycles. Based on a sea level definition, we identify eleven interglacials in the last
800,000 years, a result that is robust to alternative definitions. Data compilations suggest that despite spatial
heterogeneity, Marine Isotope Stages (MIS) 5e (last interglacial) and 11c (~400 ka ago) were globally strong
(warm), while MIS 13a (~500 ka ago) was cool at many locations. A step change in strength of interglacials at
450 ka is apparent only in atmospheric CO2 and in Antarctic and deep ocean temperature. The onset of an
interglacial (glacial termination) seems to require a reducing precession parameter (increasing Northern
Hemisphere summer insolation), but this condition alone is insufficient. Terminations involve rapid, nonlinear,
reactions of ice volume, CO2, and temperature to external astronomical forcing. The precise timing of events
may be modulated by millennial-scale climate change that can lead to a contrasting timing of maximum
interglacial intensity in each hemisphere. A variety of temporal trends is observed, such thatmaxima in themain
records are observed either early or late in different interglacials. The end of an interglacial (glacial inception)
is a slower process involving a global sequence of changes. Interglacials have been typically 10–30 ka long.
The combination of minimal reduction in northern summer insolation over the next few orbital cycles,
owing to low eccentricity, and high atmospheric greenhouse gas concentrations implies that the next
glacial inception is many tens of millennia in the future.

1. Introduction—Interglacials of the Last 800ka

Earth’s climate of the last 800 ka (1 ka = 1000 years) is the latest stage in a slow cooling that has been in
progress for the last ~50Ma (1Ma= 1 million years) [Zachos et al., 2008]. During this cooling, ice sheets
formed on the Antarctic continent ~40Ma ago, while the first signs of Northern Hemisphere (NH) glaciation
appeared much more recently. Only at the start of the Quaternary Period and the Pleistocene Epoch, ~2.6Ma
ago, did alternations between cold glacial periods with ice on the NH continents, and warmer intervals with
little or no NH continental ice, first appear, reflected in the appearance of ice-rafted debris [Shackleton et al.,
1984; Kleiven et al., 2002] and in enhanced amplitude of cyclicity in benthic oxygen isotopes in marine
sediment records (Figure 1) [Lisiecki and Raymo, 2005].

Somewhere between 1.2 and 0.6Ma ago, weaker cycles with a period of ~40 ka gave way to stronger
(greater isotopic amplitude) cycles with a recurrence period closer to 100 ka. This change is known as
the Mid-Pleistocene Transition or Revolution. Its exact date is debated, and it is likely that different aspects
of climate shifted into their new mode of operation at different times [Mudelsee and Schulz, 1997;
Rutherford and D’Hondt, 2000; Clark et al., 2006; Elderfield et al., 2012]. By 800 ka ago, the change in ampli-
tude was complete in most records, and glacial cycles with sea level amplitudes of more than 100m were
occurring, mostly with lengths of the order of 100 ka. The last 800 ka time period also benefits from the
enormous progress over recent decades in collecting and analyzing a wide range of continuous climate
records from terrestrial sites, marine sediment cores, and the oldest Antarctic ice cores. It is approximately
the most recent interval associated with the orientation of the Earth’s magnetic field in the “normal”
polarity with the inclination vector pointing north [Shackleton et al., 1990], providing a useful sedimentary
demarcation in settings where magnetic reversals are preserved. As an additional motivation, it has also
become possible in recent years to run Earth models of intermediate complexity (EMICs) through several glacial
cycles, and full Earth system models (ESMs) for a significant range of boundary conditions, including those
appropriate for some of the recent interglacials.

Interglacials are the warm, low ice extent (high sea level) end-members of the glacial cycles – although as we
shall discuss, the exact definition of an interglacial is not simply stated. We live in such an interglacial. Human
actions, increasing the concentration of greenhouse gases in the atmosphere, ensure that our climate will
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— Conceptual change of state
— “As warm or warmer than the Holocene”
— Fixed threshold
— Varying threshold
— Interglacial defined as the interval following a glacial termination
— Interglacial defined as the most prominent peak(s) within each odd-numbered marine
isotopic complex
— Interglacials are characterized by absence of NH ice outside Greenland; different
interglacials must be separated by lowering of sea level below a set threshold.
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A simple rule to determine which 
insolation cycles lead to interglacials
P. C. Tzedakis1, M. Crucifix2, T. Mitsui2 & E. W. Wolff3

The Milanković astronomical theory of ice ages1 posits that quasi- 
periodic expansions and contractions of Northern Hemisphere ice sheets 
are driven by variations in Earth’s orbital geometry and axial inclination 
that influence the amount of summer insolation received at northern 
high latitudes. Astronomical periodicities of obliquity (41,000-year  
(41-kyr) cycles) and precession (23- and 19-kyr cycles) were found to 
be embedded in records of changing ice volume and climate2; however, 
in addition to these cycles, climate variance in the Middle and Late 
Pleistocene was dominated by a 100-kyr cycle2, which was not predicted 
by the original theory. The development of improved chronologies3  
and advances in demarcating interglacial boundaries4 have shown that 
the onset of interglacials over the past 600 kyr occurred near the max-
imum in boreal summer insolation, with perihelion (when Earth is 
nearest to the Sun) at the northern summer solstice. Mean daily inso-
lation on 21 June at 65° N is often used as a predictor of glacial changes, 
because it represents maximum values at a sensitive time of the year at a 
critical latitude for ice-sheets. However, the data in Fig. 1 reveal that not 
all insolation maxima led to interglacials: some prominent insolation 
peaks are associated with incomplete deglaciations—that is, intersta-
dials (for example, Marine Isotope sub-Stages (MIS) 6e and 9a)—and 
some prominent interglacials are associated with moderate insolation 
maxima, most notably MIS 11c (ref. 5). It is, in fact, difficult to decide 
which insolation maxima would lead to interglacials by using only 
this insolation curve. An additional complication is that deglaciations 
occurred approximately every 41 kyr (the so-called ‘41-kyr world’) up 
until about one million years before present (1 Myr bp), but have been 
less frequent since then (the so-called ‘100-kyr world’, but see below). 
Therefore, any comprehensive explanation of how astronomical forcing 
translates into the sequence of Quaternary ice ages needs to account for 
the occurrence of interglacials at different frequencies.

Several numerical models6–16 have reproduced the pattern, and in 
some cases much of the timing, of glacial–interglacial cycles over part 
or all of the Quaternary. Although each of these has pointed at some 
of the ingredients involved in a comprehensive explanation, some 
include large numbers of tunable parameters, none is fully successful 

over the past million years, and few offer a consistent and simple rule 
that accounts for the whole Quaternary sequence. Here we ask whether 
the onset of interglacials over the course of the Quaternary can be  
predicted from simple combinations of astronomical parameters (that 
is, without any knowledge of atmospheric CO2 concentration, dust or 
other climate data). We determine the parameters of such a model in 
a statistical way, which allows us to discuss whether a simple model 
can successfully accommodate the observed sequence and to assess 
how tightly the succession of ice ages is controlled by the astronomical 
forcing.

Defining interglacials
To predict when deglaciations occur, we first need to define the pop-
ulation of interglacials. The fundamental property that underlies the 
concept of an interglacial is high sea-level—a measure of integrated 
global climate effects that lead to the loss of continental ice4. The 
marine oxygen isotope stratigraphy is divided into glacial and inter-
glacial stages, on the basis that variations in the oxygen isotope ratio  
(δ 18O) in benthic foraminifera primarily reflect changes in continental 
ice17,18. However, there has never been a systematic attempt to distin-
guish complete deglaciations (interglacials) from incomplete deglacia-
tions (interstadials) over the past 2.6 Myr. A recent review19 of the past 
800 kyr proposed that an objective definition of an interglacial is the 
absence of substantial Northern Hemisphere ice outside Greenland. 
This equates to a criterion that separates interglacials from intersta-
dials on the basis of residual Northern Hemisphere ice. Because suffi-
ciently precise sea-level records are not available for the past 2.6 Myr, 
we have adapted the auxiliary definition19 that used the LR04 benthic  
δ 18O stack20. The objective set of criteria is described in Methods.  
A period is an interglacial if its isotopic value is below a threshold. Two 
isotopic minima (for example, MIS 15e and 15a) are separate intergla-
cials if there is a local maximum above a second threshold between 
them; otherwise, the second isotopic minimum forms a continued 
interglacial (for example, MIS 7a is a continuation of MIS 7c), without 
a glacial termination or interglacial onset (Extended Data Figs 1–3 and 

The pacing of glacial–interglacial cycles during the Quaternary period (the past 2.6 million years) is attributed to 
astronomically driven changes in high-latitude insolation. However, it has not been clear how astronomical forcing 
translates into the observed sequence of interglacials. Here we show that before one million years ago interglacials 
occurred when the energy related to summer insolation exceeded a simple threshold, about every 41,000 years. Over 
the past one million years, fewer of these insolation peaks resulted in deglaciation (that is, more insolation peaks were 
‘skipped’), implying that the energy threshold for deglaciation had risen, which led to longer glacials. However, as a 
glacial lengthens, the energy needed for deglaciation decreases. A statistical model that combines these observations 
correctly predicts every complete deglaciation of the past million years and shows that the sequence of interglacials 
that has occurred is one of a small set of possibilities. The model accounts for the dominance of obliquity-paced glacial–
interglacial cycles early in the Quaternary and for the change in their frequency about one million years ago. We propose 
that the appearance of larger ice sheets over the past million years was a consequence of an increase in the deglaciation 
threshold and in the number of skipped insolation peaks.

1Environmental Change Research Centre, Department of Geography, University College London, London, UK. 2Université catholique de Louvain, Earth and Life Institute, Georges Lemaître Centre 
for Earth and Climate Research, Louvain-la-Neuve, Belgium. 3Department of Earth Sciences, University of Cambridge, Cambridge, UK.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Choosing an insolation metrics
Defining interglacials
Deriving a simple scheme

( )

Chosen definition for Interglacials (IG):
Interglacials are characterized by absence
of NH ice outside Greenland;
different interglacials must be separated by
lowering of sea level below a set threshold.

in the relative abundance of ice-rafted
detritus in the Norwegian Sea during
these intervals [Baumann et al., 1995].

Tzedakis et al. [2009] assigned an
interglacial status to the most promi-
nent temperate (low δ18O) interval
within each odd-numbered marine
isotope stage of the LR04 benthic
δ18O stack [Lisiecki and Raymo, 2005]
(with the exception of the historical
artifact of MIS 3). On this basis, MIS
5e, 9e, 11c, 13a, 17c, and 19c (and
by default MIS 1) are unambiguously
the most prominent intervals within
each MIS (Figure 2), but choosing
the most prominent interval in MIS 7
and MIS 15 is difficult. Yin and Berger
[2010, 2012] chose a similar set of
interglacials to simulate, using the
expectation of a 100 ka cycle to justify
including MIS 7e but not 7a-7c, and
including MIS 15a but not 15e. Using
our sea level definition, MIS 7a-7c
and 7e, and also MIS 15a and 15e
are all equally prominent within
their respective stages, and as we do
not assume a particular periodicity,
they are all included in our intergla-

cial roster, which therefore comprises MIS 1, 5e, 7a-7c (as a single interglacial), 7e, 9e, 11c, 13a, 15a,
15e, 17c, and 19c.

Although a definition based on sea level, as we have suggested, is attractive in its simplicity, its application
is hampered by uncertainties that remain in the values of sea level provided by indirect but continuous
methods. In particular, direct sea level evidence suggests [Dutton and Lambeck, 2012; Kopp et al., 2013] that
sea level during MIS 5e was higher than present. However, the (ODP 1123) derived sea level record [Elderfield
et al., 2012] places the MIS 5e highstand at the edge of the lowest range of our proposed threshold (!20m),
and at a similar level in MIS 5a, with MIS 5c higher than both (Figure 2). Had we only the ODP1123 data
[Elderfield et al., 2012], then MIS 5a and MIS 5c would have been identified as interglacials on a par with
MIS 5e, but we use knowledge from other sea level data sets [Dutton and Lambeck, 2012; Grant et al., 2012;
Kopp et al., 2013] to distinguish MIS 5e as an interglacial and MIS 5a and 5c as interstadials. This, however,
casts doubt on the reliability of the reconstruction in earlier periods (especially before 450 ka ago) when
alternative sea level evidence is weaker. Given this uncertainty, we also test the sensitivity of our interglacial
assignments by using simple thresholds in the uncorrected benthic oxygen isotope record (in this case the
LR04 stack [Lisiecki and Raymo, 2005]), and in the ice core record of CO2 (chosen as a global-scale indicator
which, together with ice volume/extent, affects the global radiative forcing).

Our sensitivity studies with the LR04 benthic isotope stack [Lisiecki and Raymo, 2005] would produce the same
set of interglacials for any threshold between 3.5 and 3.73‰ (to qualify as an interglacial, values lower than the
threshold must be achieved). Any threshold set lower than 3.5‰ would exclude first MIS 17c and very quickly
all other stages except MIS 1, 5e, 9e, and 11c. At thresholds higher than 3.73‰, several other stages, starting
with MIS 5c, would become interglacials. The very wide range of thresholds (3.5–3.73‰) that lead to the same
answer suggest that this solution is robust, i.e., that new data are unlikely to make it obsolete.

We need also to assess the criterion for how deep the surrounding glacials must be to decide that a peak
qualifies as a separate interglacial. Using LR04, it would in theory be possible to set a second threshold

Figure 2. Definition of interglacials based on sea level. (top) δ18O of benthic
foraminifera in the LR04 stack [Lisiecki and Raymo, 2005]; (bottom) probability
maximum Red Sea relative sea level [Rohling et al., 2009] (orange line);
and deconvolved δ18O of seawater [Elderfield et al., 2012] (grey line).
Marine Isotopic substages of interglacial status are indicated (as well as
interstadials MIS 5a and 5c). Note that there is some confusion in the
literature about the lettering of substages inMIS 9 and 15. Here we use the
substage numbering recommended in a recent paper [Railsback et al.,
2015], such that the oldest substages in MIS 9 and 15 are 9e and 15e. This
contrasts with the usage in some recent papers [Tzedakis et al., 2012b].
Dashed lines mark values discussed in the text that might be used in the
definition of interglacials.

Reviews of Geophysics 10.1002/2015RG000482
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Time running this way

In practise:
(detrended) LR04 δ18O taken,
but this is NOT NH ice outside Greenland



From benthic δ18O to land ice, ∆R[LI] & ∆Tg (Lisiecki & Raymo, 2005)

Time (kyr BP)

Input Method Output
reconstructed 3D ice sheet model land ice distribution
deep ocean δ18O δ18O→ sea level & ∆T definition of IG (no NH ice out of Greenl.)
(Lisiecki & Raymo, 2005) (de Boer et al., 2014) (Köhler & van de Wal 2020)



1500 kyr Ice Volume Change (Köhler and van de Wal, 2020)
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Evolving Revised Understanding (Clark et al., 2024, submitted)
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1500 kyr Ice Volume Change (Köhler and van de Wal, 2020)
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CO2 ... as evolved over recent years
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alkenones not reliable anymore (Phelps et al., 2021)
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new data: leaf wax δ13C (Yamamoto et al 2022)
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MIS 11c (Köhler and van de Wal, 2020)
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MIS 11c (Köhler and van de Wal, 2020)
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CO2 MIS 11c
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100

150

200

250

300

350

400

100

150

200

250

300

350

400
C

O
2

(p
p
m

)

100

150

200

250

300

350

400

440 430 420 410 400 390 380 370 360

Age (ka)

100

150

200

250

300

350

400

100

150

200

250

300

350

400
C

O
2

(p
p
m

)

100

150

200

250

300

350

400
blue ice

ice cores

EDC

wax
13

C

11
B, T. sacculifer (NTIMS, Atl.)

11
B, T. sacculifer (MC-ICP-MS, Atl.)

11
B, G. ruber (MC-ICP-MS, Atl.)

100

150

200

250

300

350

400

100

150

200

250

300

350

400
C

O
2

(p
p
m

)

100

150

200

250

300

350

400

MIS 11c: high-res ice core data (Nehrbass-Ahles et al (2020) + some proxy data



MIS 31 (Köhler and van de Wal, 2020)
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MIS 31 (Köhler and van de Wal, 2020)
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CO2 MIS 31

31 (1080-1059 ka)
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Beyond EPICA Oldest Ice Core (Beyond EPICA, unpublished; Chung et al., 2023)



Recommendations

MIS 11c: CO2 = preindustrial = 278 ppm
(but: CO2 @ PMIP-PI run: 284 ppm!)

MIS 31: CO2 = ∈ [250,300] ppm or wait for Beyond EPICA (2026)

CH4, N2O: = preindustrial, or
CO2 ⇒ eff. CO2 with ∆R[GHG] = 1.25 ·∆R[CO2]

Non-CO2-GHG factor of 1.25 based on Hansen et al (2023)

Older approaches have 1.16 based on different efficacies

(see Figure)
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