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Abstract

Throughout the last ∼ 900 kyr, the Late Pleistocene, Earth has experienced periods of cold glacial climate, punctuated by seven
abrupt transitions to warm interglacials, the so-called terminations. Although most of glacial ice is located in the Northern
Hemisphere (NH), the Southern Hemisphere (SH) seems to play a crucial role in deglaciation. Variation in the seasonal distribution
of solar insolation is one candidate for the cause of these climatic shifts. But so far, no simple mechanism has been identified. Here
we present a mathematical analysis of variations in midsummer insolation in both hemispheres at 65° latitude. Applying this
analysis to the entire Pleistocene, the last 2 Myr, we find that prior to each termination the insolation in both hemispheres increases
in concert, with a SH lead. Introducing time and energy thresholds to these overlaps, calculated times for the onsets of the seven
terminations by this insolation canon (exceptional overlaps meeting the two threshold prerequisites) are ∼ 23, 139, 253, 345, 419,
546 and 632 kyr BP, perfectly matching the geologic record. The timing originates from the interplay between the two orbital
parameters obliquity and precession, explaining why terminations occur at integer multiple of the precessional cycle. There is no
such constellation between 1 and 2 Myr BP, the Early Pleistocene, in agreement with Earth's climate at that time. This change in
orbital forcing coincides with the Mid Pleistocene Revolution, separating the Late from the Early Pleistocene. Therefore, we
hypothesize that the insolation canon is the trigger for glacial terminations.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Earth has gone through large climatic shifts during the
past ∼ 900 kyr, the Late Pleistocene, with seven major
glaciations [1,2] (see Fig. 1A). These glaciations were
punctuated by seven mostly rapid transitions to warm
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interglacial climate conditions, occurring approximately
every 100 kyr (Fig. 1B). This feature is absent in climate
records from the Early Pleistocene (1.1–2Myr), which are
dominated by a 41 kyr periodicity (Fig. 1C), marking the
Mid Pleistocene Revolution (MPR). The so-called 100 kyr
glacial/interglacial cycles are associated with the built-up
and melting of enormous Northern Hemisphere (NH)
ice sheets extending over Canada and Scandinavia.
Therefore, it has been suggested that changes in NH
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summer insolation are driving these climatic shifts [3].
However, only recently it became apparent that also the ice
sheet in the Southern Hemisphere (SH) is reacting to
glacial terminations [4] and that the Antarctic might play a
pivotal role in these climatic events [5,6]. Additionally,
considering changes in NH insolation as the sole driver
poses several paradoxes. The astronomical theory of long-
term changes in orbital parameters [3,7–9] predicts quasi-
periodic variations of eccentricity, obliquity and precession
of the equinoxes with dominant frequencies centered
around 100, 41 and 23/19 kyr, respectively. While the 19/
23 and 41 kyr cycles have been demonstrated to be
coherent with the amplitude of insolation forcing in
numerous climate records [10], the quasi 100 kyr glacial/
interglacial cycle remains a mystery, since the amplitude of
the eccentricity forcing is much too small to drive this
cycle. Furthermore, the eccentricity forcing is partly out of
Fig. 1. Comparison of climate variability in the Late Pleistocene (100 kyr w
benthic stack [33] against time over the entire Pleistocene. The Mid Pleistoc
world. The seven glacial terminations of the Late Pleistocene are shown in R
(detrended and normalized) against their frequencies during the last 900 kyr,
Pleistocene.
phase [10]. Besides this ‘100 kyr problem’ (for a review see
[11,12]), explanation for the ‘stage 11 problem’ (the most
prominent termination occurs at times of comparatively
low orbital variations) and the ‘Late Pleistocene transition
problem’ (the miraculous shift of climate cyclicity at the
MPR) are still lacking [13]. Given the apparent involve-
ment of both hemispheres in glacial terminations, a mecha-
nism triggering this global phenomenon should therefore
not only provide answers to the paradoxes outlined above
but also encompass and connect both hemispheres.

2. Methods

2.1. The insolation analysis

We examined changes in midsummer insolation at
65 ° North (June 21) together with corresponding changes
orld) and the Early Pleistocene (41 kyr world). (A) δ18O of the LR04
ene Revolution (MPR) marks the shift from the 41 kyr to the 100 kyr
oman numbers. (B) Power spectral densities of the above δ18O signal
the Late Pleistocene, and (C) between 1100 to 2000 kyr BP, the Early
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in the South (December 21) of the last 2Myr. The analysis
was performed on the (1,1) astronomical solution for
Earth's orbital parameters given in [9] with a solar con-
stant set to 1368 Wm−2 at a step size of 100 yr (provided
by J. Laskar). This astronomical solution incorporates
present day values for dynamical ellipticity and tidal
dissipation (1,1). Changes in tidal dissipation, resulting
from the stresses exerted on Earth by the Moon and the
Sun, and dynamical ellipticity, associated with mass load
redistribution, e.g. during ice-age cycles, influence the
phasing of precession and obliquity [14]. However, it is
reasonable to use present day values and to keep them
constant, as they remained close to today's values during
the last millions of years [15,16].

3. Results and discussion

3.1. The overlaps

We found that prior to each termination as identified by
the geologic record the insolation in both hemispheres is
increasing simultaneously and that the SH increase leads
Fig. 2. All overlaps of the last 2 Myr and corresponding energy (energy only s
1 Myr BP) and (B) (1–2 Myr BP) indicate the length of an overlap (thin bars
(see Fig. 3 and caption to Fig. 3 for details). The black horizontal line represe
terminations. ‘A’ and ‘B’ refer to Event A and B, respectively (see text for d
the NH, a feature we refer to as ‘overlap’ hereafter. These
events are not exclusively restricted to the occurrence of
terminations. There is a total number of 22 between 2 and
1 Myr BP (Fig. 2A) and about the same (23) between
1 Myr and present day (Fig. 2B). However, the mean
length of these synchronous midsummer insolation
increases is on average about 40% longer in the Late
Pleistocene (∼ 1300 yr) compared to the Early Pleistocene
(∼ 800 yr). Moreover, at all terminations the length of an
overlap is always equal to or longer than 1000 yr.
Comparison of the Late and the Early Pleistocene shows
that while there are 13 of these prolonged (equal to or
longer than 1000 yr) overlaps between 1 Myr and present
day (Fig. 2A) there are only 6 between 2 and 1 Myr BP
(Fig. 2B). Furthermore, the energy supplied during the
increase of Southern and Northern Hemisphere midsum-
mer insolation at the prolonged overlaps in the Late
Pleistocene is on average about 15% higher and about
20% higher at glacial terminations, compared to those in
the Early Pleistocene.

We thoroughly checked whether the overlaps, the
synchronous increase in SH and NH insolation with a
hown if overlap is equal to or longer than 1000 yr). Blue bars in (A) (0–
b1000 yr, thick bars≥1000 yr), yellow bars the total energy supplied
nts our energy constraint, see text for details. Roman numbers indicate
etails).



Fig. 3. Graphical illustration of the mathematical analysis used to identify terminations (shown in Roman numbers). (A) Northern midsummer
insolation at 65 °N (blue), its extrema (circles), and southern midsummer insolation at 65 °S (red) and its extrema (circles) against time. t0

S and t0
N are

the times for the onset of SH and NH insolation increase and ti
S and ti

N are their following maxima, respectively. t0
S is defined as the Onset of Southern

Hemisphere Forcing (OSF) and 1000 yr after t0
N, the Onset of Termination (OT) is triggered, as marked by vertical lines. Shaded red areas illustrate the

overlaps during SH and NH insolation increase, the insolation canon. Note that a prerequisite for this overlap is that the SH precedes the NH
midsummer insolation increase. The shaded blue area highlights the time overlap during SH and NH insolation decrease, with a SH lead (‘negative’
insolation canon) prior to termination I (see text for details). (B) Thick blue bars represent the length of an overlap which meets our two termination
conditions. Yellow bars denote the total energy supplied during the corresponding increase of southern and northern midsummer insolation (IS and IN,

respectively), i.e. E ¼ R tSi
tS0
ISðtÞdt þ

R tNi
tN0

INðtÞdt. Thin blue bars represent overlaps shorter than 1000 yr (pos. ordinate) and overlaps of the ‘negative‘
insolation canon (neg. ordinate).
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SH lead, determined with this astronomical solution
depends on the solution employed for Earth's orbital
elements. Using the solution given in [7] for the last
800 kyr and the solution given in [8] for the time
between 0.8 and 2 Myr BP, we obtained essentially the
same results. Thus, the overlaps are a robust feature of
different solutions for Earth's orbital parameters.

3.2. The insolation canon

There is no significant difference in the total number of
overlaps between 2–1 and 1–0 Myr. However, at Late
Pleistocene glacial terminations the overlaps are excep-
tional because they are longer and supply more energy
than others. This leads us to postulate two prerequisites for
a glacial termination. First, and most importantly, the
overlap has to be equal to or longer than 1000 yr. Second,
total energy supplied during the increase of southern and
northern midsummer insolation has to exceed a threshold
of 0.95 TJ m–2, which is the lowest observed at a
termination. These thresholds between the two extreme
states of glacial and interglacial climate (here, time and
energy) can be considered the simplest representation for
Earth's nonlinear climate system [17,18].

In the following the chronology of events around a
glacial termination is described, as detected by our analysis
(see Fig. 3A). 1) The SH midsummer insolation reaches a
minimum (t0

S) and starts to increase, defined here as Onset
of SH Forcing (OSF). 2) While the SH insolation is still
increasing, the NH insolation reaches a minimum (t0

N) and
also starts to rise. 3)After 1000 yr of simultaneous increase
the onset of a termination (OT) is triggered. Shortly after
this event, SH insolation reaches a maximum and starts to
decrease. 4) NH insolation continues to increase until
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reaching a maximum 10–15 kyr later. During this increase
of midsummer insolation in both hemispheres the total
energy supplied always exceeds the threshold of 0.95 TJ
m–2. In analogy to its counterpart in music we refer to this
constellation as the ‘insolation canon’ (exceptional overlap
meeting the two prerequisites).

The resulting OTs perfectly match the geologic record
(Fig. 4A), coincidingwithmarine δ18Omaxima, which to a
first approximation reflect maxima in ice sheet extension
[19]. Additionally, the OTs which we date 23.1, 139.1,
253.3, 345.4, 418.6, 546.2 and 632.3 kyr BP roughly occur
10 kyr prior to the corresponding midpoint of termination,
as suggested by various marine δ18O records (Table 1). An
exception is termination V, where OT and the midpoint of
termination are indistinguishably close.Moreover, the time
intervals between our onsets of terminations of 86, 128, 73,
92, 114, 116 kyr (terminations VII–VI, VI–V, V–IV, IV–
III, III–II, II–I, respectively) agree very well with intervals
between midpoints of terminations in marine δ18O records,
independent of the dating method applied (Table 1).
Fig. 4. Comparison of the stacked δ18O LR04 record [33], terminations and
line). Roman numbers indicate terminations. Blue circles and vertical lines rep
study (see text for details). Red circles denote the Onset of Southern Hemi
midsummer insolation at 65 °S. See also Table 1 for a detailed comparison o
Eccentricity variations according to the astronomical solution of [7] (red) an
In addition to the sound prediction of the timing of
glacial terminations there are three more interesting
results. First, there are two times at which only shortly
after a termination an overlap longer than 1000 yr occurs.
Event A lies between termination IV and III at 302.4 kyr
and Event B between termination V and IV at 381.3 kyr
BP (Fig. 2A). As those events occur only 40 kyr after a
termination, Earth's climate was not in full glacial mode
and hence seems not to have responded to this trigger.
Second, there is not a single termination trigger between 2
and 1 Myr (Fig. 2B). Third, our analysis reveals one
‘additional’ termination trigger at 925.6 kyr BP, roughly
coinciding with the Mid Pleistocene revolution (MPR),
the switch from a 41 kyr to a 100 kyr dominated climate
signal [20].

3.3. Origin of overlaps

The question arises, how the overlaps identified
above are generated and what is determining their
eccentricity forcing. (A) δ18O of this benthic stack against time (black
resent the times of the Onset of Termination (OT), as determined in this
sphere Forcing (OSF) before a termination, i.e. the start of increasing
f OT with terminations determined in various marine δ18O records. (B)
d [9] (blue) against time.



Table 1
Comparison between results from this study and various deep-sea recordsa

Termination (kyr BP)

Author I II III IV V VI VII Method

This work, OT 23.1 139.1 253.3 345.4 418.6 546.2 632.3 1
RAYMO 247.9 339.3 423.6 534.5 621.6 2
L & R 14 130 243 337 424 533 621 3
H & W 11 129 239 332 419 532 623 4
SPECMAP 11 128 244 337 423 531 621 5

ΔtOT–MT (kyr)
11.1 10.1 9.8 9.0 13.6 10.7

ΔtTerm (kyr)
This work 116 114 92 73 128 86
RAYMO 91 84 111 87
L & R 116 113 91 87 109 88
H & W 118 110 93 87 113 91
SPECMAP 117 116 93 86 108 90
aOT refers to the Onset of Termination obtained in our analysis in kyr BP. For comparison the midpoints of termination (kyr BP) determined by
Raymo [22] (RAYMO), Lisiecki and Raymo [33] (L & R), Huybers and Wunsch [23] (H & W) and Imbrie et al. [34] (SPECMAP) are shown.
Additionally, the offset in kyr between our calculated OTs and the mean of the midpoints of termination (MT) are tabulated (ΔtOT–MT).ΔtTerm values
denote the time interval between two terminations in kyr. Methods applied are: mathematical analysis, this work (1), depth-derived with constant
accumulation rate assumed (2), automated graphic correlation algorithm (3), depth-derived with sedimentation model (4), orbitally tuned (5).
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duration. In order to separate the individual influence of
each of the orbital parameters precession of the
equinoxes, obliquity and eccentricity, we analyzed
artificial insolation curves generated by a truncated
Fourier series of the form

IðtÞ ¼
X4

k¼1

aksinðxk⁎ tÞ ð1Þ

with I(t) being the insolation at time t,ωk=2π /Tk, and Tk
being the oscillation periods of 100 kyr, 41 kyr, 23 kyr and
19 kyr, representing those of eccentricity, obliquity and
precession of the equinoxes, respectively. The Fourier-
coefficients ak were set to 0.1, 0.7, 1, 1 for Northern
Hemisphere insolation and to 0.1, 0.7,−1,−1 for Southern
Hemisphere insolation, representing the amplitude in the
respective frequency bands. These two insolation curves
exhibit a very similar density spectrum to that of insolation
during the last 2 Myr as given by the solution in [9], i.e.
dominant frequencies around 41, 23 and 19 kyr (compare
Fig. 5). But most importantly, the artificial insolation
curves also generate about 21 overlaps per million years.
Setting the 100 kyr amplitude to zero (no eccentricity)
hardly affects the number and average duration of an
overlap. However, setting either the 41 kyr (no obliquity)
or the 23 and 19 kyr (no precession) amplitude to zero,
there are no overlaps because insolation changes are
completely anti-phased or in-phase, respectively. In
general, the ratio of the spectral densities of obliquity
(41 kyr) and precession of the equinoxes (23, 19 kyr)
determine the length of an overlap as this shifts the NH
insolation minima relative to SH insolation maxima
between the two extremes of completely anti-phased
and completely in-phase. As demonstrated above it is
possible to separate the influence of each orbital parameter
on the overlaps by using artificial insolation curves.
Naturally, however, eccentricity combines with the
precession of Earth's axis of rotation and modulates the
precession of the equinoxes (see Eq. (1) in [14]). This
combination is the reason for the change in spectral power
densities, especially in the 19 kyr frequency band in the
Early compared to the Late Pleistocene (Fig. 5B and C)
and explains why the number of prolonged overlaps
(equal or longer 1000 yr) significantly increases around
1 Myr BP. Thus, we have identified a change in orbital
forcing around the MPR.

In summary, we hypothesize that the glacial termina-
tion trigger is the synchronous, prolonged (≥1000 yr)
increase in SH and NH insolation, the insolation canon. It
stems from an interplay between the three orbital
parameters precession, obliquity and eccentricity. The
timing of all overlaps is generated by a modulation of
insolation through variations in obliquity and precession.
This readily explains why the time interval between two
consecutive terminations is always an integer multiple of
the precessional cycles in this interval [21]. The duration
of an overlap, however, is modulated also by eccentricity.
Most importantly, the insolation canon explains why the
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number of precessional cycles between two terminations
is not fixed (for example every fourth or fifth).

3.4. The three classical problems

Although the concept of the insolation canon provides
a possible solution for the ‘100 kyr problem’, one of the
three classical problems of Pleistocene research [13],
several questions remain regarding the other two
problems (‘Late Pleistocene transition’ and ‘stage 11’).

The Late Pleistocene transition problem: While our
analysis provides the trigger for glacial terminations, the
trigger involved in the initiation of a glaciation itself
remains unclear. However, besides the finding that orbital
forcing changed in the Pleistocene about 1 Myr BP at the
MPR (i.e. the absence of the insolation canon in the Early
and its occurrence in the Late Pleistocene), our analysis
furthermore identifies two extra clues for the beginning of
Fig. 5. Comparison of variability in insolation between the Late and Early P
Power spectral densities of the above insolation curve (detrended and nor
Pleistocene, and (C) between 1100 and 2000 kyr BP, the Early Pleistocene. No
same results.
the 100 kyr glaciations after the MPR. 1) The first
occurrence of the insolation canon is dated at 926 kyr BP.
This may have shifted Earth's climate system to a
different mode of operation, leading to the initiation of
100 kyr ice sheets. 2) A ‘negative’ forcing, analogous to
the ‘positive’ forcing (Fig. 2B), could be involved, i.e.
synchronous midsummer insolation decrease in both
hemispheres with a SH lead. In the last 2 Myr this
opposing ‘negative’ forcing exhibits a similar distribution
and energy pattern as the ‘positive’ termination forcing
(Fig. 6). Applying analogous energy and time thresholds,
there is only one of these events prior to the MPR
compared to eight afterwards. Interestingly, the first
occurrence of such ‘negative’ insolation canon in the Late
Pleistocene is 650 kyr BP, only about 20 kyr before
termination VII. In this short period of time, marine δ18O
reached a hitherto unprecedented high value (compare
Fig. 1A and Fig. 4A).
leistocene. (A) Midsummer insolation at 65 °N of the last 2 Myr. (B)
malized) against their frequencies during the last 900 kyr, the Late
te that spectral analysis of the variability in insolation at 65 °S gives the



Fig. 6. The ‘negative’ insolation canon with its overlaps of the last 2 Myr and corresponding energy (energy only shown if overlap is equal to or longer
than 1000 yr). In analogy to the ‘positive’ insolation canon (see caption to Fig. 3 for details), total energy during insolation decrease was calculated as
the integrated area between insolation curves and twice the value of the average insolation during the last 2 Myr. This seemingly arbitrary baseline
was chosen to ensure comparability with energy values of the ‘positive’ insolation canon. The resulting energy can be pictured as a mirror image of
the energy increase and is representative for the total energy decrease of the ‘negative’ insolation canon. Blue bars in (A) (0–1 Myr BP) and (B) (1–
2 Myr BP) indicate the length of an overlap (thin barsb1000 yr, thick bars≥1000 yr), yellow bars represent a measure for the total energy decrease.
The black horizontal line illustrates our energy constraint.
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Additionally, considering the insolation canon (pro-
longed overlap providing a critical amount of energy) as
an exceptional case within all overlaps, could explain
the shift from a 41 kyr to a 100 kyr periodicity in global
ice volume at the MPR. While in both, the Early and the
Late Pleistocene, power spectral densities in marine
δ18O are about the same around the 41 kyr frequency
band, the Late Pleistocene is characterized by the
occurrence of an additional 100 kyr cyclicity (Fig. 1B,
C). Constructing a sawtooth motive from the occurrence
of all overlaps (Fig. 7A) reveals that the dominant
frequency in this oscillator is around 41 kyr (Fig. 7B and
C), both in the Early and Late Pleistocene. Constructing
a sawtooth motive only from the occurrence of the
insolation canon during the Late Pleistocene (omitting
event A and B at which Earth's climate did not respond
to the insolation canon) shows that this oscillator is
dominated by a 100 kyr cyclicity (Fig. 7B). Combina-
tion of both forcings could explain the appearance of a
100 kyr cyclicity in global climate variability during the
Late Pleistocene while the 41 kyr cyclicity remains
unchanged throughout the entire Pleistocene (Fig. 7B
and C). However, it is emphasized that ‘cyclicity’ as
suggested by the spectral analysis should be regarded as
a ‘pseudo-cyclicity’. Both, the ice volume variability in
the Early and Late Pleistocene do not follow a regular
41 kyr or 100 kyr periodicity and the occurrence of
terminations appears to be quantized rather than
regularly spaced (see [21] and Table 1). Finally, the
concept of overlaps could also readily explain why
marine δ18O records do not show a strong precessional
signal (around 23 and 19 kyr) like insolation itself
(compare Figs. 1 and 5).

The stage 11 problem: At first glance the problem that
the most prominent termination occurs at times of
comparatively low orbital variation seems to escape
elucidation. However, our analysis detects a feature at
termination V which makes it unique. The fact that
termination V is the most prominent one is possibly the
consequence of the longest time interval ever observed
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between two terminations (Table 1). Because there was no
termination trigger after termination VI for 128 kyr,
Earth's climate systemwent deeply into a full glacialmode
and therefore would have responded strongly to the oc-
currence of the insolation canon at termination V. Also
interesting in this context is that the midpoint of
termination V from various δ18O records (Table 1) is
indistinguishably close to OT. However, it has to be kept in
mind that uncertainties arise when translating core depth to
calendar age. For instance, Raymo [22] and Huybers and
Wunsch [23] assign an uncertainty of 13.6 and 11 kyr to
termination V in their stacked δ18O records, respectively.

3.5. Leads and lags around a termination: Phase
differences between NH and SH?

There is an ongoing debate whether the warming
signal at a termination was synchronous in both NH and
SH or whether one hemisphere was leading the other
Fig. 7. Comparison of dominant frequencies predicted by the occurrence of o
all overlaps in the Early and Late Pleistocene (light blue), and through the exc
Late Pleistocene (dark blue). Roman numbers denote respective terminations
through all overlaps (light blue) and through the prolonged overlaps, exclud
[24,25]. Although the insolation canon identified by our
analysis encompasses both hemispheres, it originates in
the SH as the increase in midsummer insolation at 65 °S
occurs about 10 kyr prior to its NH counterpart. Hence,
we would expect that around a termination changes of
δ18O or δD, proxies for local temperature, in Antarctic
ice would precede those in Arctic ice. Unfortunately,
direct comparison of Antarctic and Arctic climate
records is difficult as uncertainties arise from translating
core depth to calendar age and synchronizing NH and
SH records to a uniform time scale. Nonetheless, the SH
origin of the insolation canon suggests that, if there are
phase differences between NH and SH warming around
a termination, it would rather be a SH lead than a lag.

3.6. Possible feedback mechanisms

The mathematical analysis presented here is capable
of identifying all seven Late Pleistocene glacial
verlaps in the Early and Late Pleistocene. (A) Sawtooth motifs through
eptional overlaps (‘insolation canon’), excluding event A and B, in the
. (B) Power spectral densities against their frequencies of the oscillator
ing event A and B (dark blue), in the Late and (C) Early Pleistocene.
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terminations. It is free of interpretation or speculation
regarding the response of Earth's climate system, which
ultimately leads to deglaciation. However, the two
thresholds of time and energy, fundamental to our
termination trigger, suggest the involvement of particular
feedback mechanisms. The necessity for a certain
amount of energy supplied to the Antarctic and Arctic
in the summer seasons indicates that sea-/land-ice
melting, impacting deep water formation, are pivotal
for these dramatic climate shifts. Although the respon-
sible feedback between high latitude SH insolation
forcing and the temporal SH lead during ice-age
terminations has yet to be identified, the very feedbacks
described above have been demonstrated operating
during glacial terminations in the Antarctic [5,26,6].
These findings alone imply a dominant role of the SH
during the initiation of deglaciation. However, according
to our analysis, only the simultaneous increase in high
latitude midsummer insolation in both hemispheres can
push Earth's climate out of glacial conditions. We
suggest that the tele-connection required is established
by ocean circulation. The mixing time of this climate
component, which holds the largest heat capacity and is
responsible for bi-hemispheric heat transport, is about
1000 yr — just as our time threshold. The necessity for
SH and NH synchrony may be found in the concept of
the bipolar seesaw [27]. It has been observed that
warming in the South leads to cooling in the North and
vice versa [28,29]. Hence, a SH decrease in insolation
always amplifies the NH warming forcing by insolation
because SH and NH insolation changes are almost
completely anti-phased. However, during the rare events
of synchronous insolation increase (overlaps) both
hemispheres would warm in parallel, triggered by this
insolation canon. Thus, simultaneous warming could be
pictured as repeated upward pushing at both ends of the
seesaw, elevating its fulcrum point. This elevation might
be thought to change temperature and ocean circulation.
This would then ultimately set the stage for a variety of
feedback mechanisms, e.g. reorganizations in the global
carbon cycle (for a review see [30]), leading to the
melting of the enormous ‘100 kyr’ ice sheets in both
hemispheres and thus for the transition to interglacial
climate conditions.

3.7. The future

For the future, our analysis predicts the next termi-
nation trigger 53.4 kyr from now. However, model
simulations predict an exceptionally long interglacial of
50 kyr ahead (see [31] and references therein) with the
next glacial maximum and subsequent termination in
100 kyr. These models are highly sensitive to atmo-
spheric CO2, producing almost no NH glaciation with
conditions above 290 ppmv. It is therefore questionable
whether there will be any glaciation in the coming
100 kyr because atmospheric CO2 is likely to stabilize
around 400 ppmv 10 kyr from now [32] as a long-term
result of fossil fuel burning by humans.

4. Summary and conclusions

Our analysis of changes in SH and NH midsummer
insolation (65°) during the entire Pleistocene, the last
2 Myr, has revealed that prior to each Late Pleistocene
glacial termination the insolation in both hemispheres
increases in concert with a temporal SH lead. Such
overlaps are not exclusively restricted to the occurrence
of terminations. The overlaps at the seven Late
Pleistocene glacial terminations, however, are excep-
tional as they are considerably longer and supply more
energy compared to others. Overlaps are generated by
variations in obliquity and precession and modulated by
eccentricity. The concept of overlaps in general and of
exceptional overlaps in particular (termed the ‘insolation
canon’) could explain why 1) global ice volume in the
Early Pleistocene is oscillating on a 41 kyr cyclicity, 2)
in the Late Pleistocene an additional 100 kyr cyclicity
appears, 3) Late Pleistocene glacial terminations occur
at integer multiple of the precessional cycle, 4) the
number of precessional cycles between each consecu-
tive termination is not fixed (for example every fourth),
and 5) the SH appears to play a pivotal role for the
initiation of deglaciations. Therefore, we propose that
the overlaps are involved in initiating global ice volume
oscillations in the past, and that the insolation canon is
the trigger of the Late Pleistocene glacial terminations.
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