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Paleo data show: this is no science fiction !
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• Investigation of the intricate dynamics shaping the polar regions, from the enigmatic 
transitions of the past to the pressing challenges of the future

• Analysis of the Mid Pleistocene Transition, the evolution of the polar ice sheets, and 
the complex interplay of carbon dioxide and biogeochemical cycles in polar 
environments

• Understanding the mechanisms driving this transition, providing invaluable insights 
into the sensitivity of Earth's climate system to external forcings and internal 
feedbacks

• Improving our observational capacity of the past, enhancing the basic understanding 
of the drivers and processes governing those changes, and translating knowledge 
into solutions for society

Main objectives of the session
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The MPT in Proxy Archives

Reviews of Geophysics

The nature of the periodicity of the Late Pleistocene glacial cycles is also not obvious. Different studies have 
described them as regular 100 kyr cycles, arising from either internal oscillations, a strong amplification of 
weak eccentricity forcing, or a combination of both (Ganopolski & Calov, 2011; Gildor & Tziperman, 2001; 
Imbrie et al., 2011; Lisiecki, 2010), as alternating 82/100/123 kyr cycles, where several maxima in either 
obliquity, precession, or both, are “skipped” before the next one triggers a deglaciation (e.g., Huybers & 
Wunsch, 2005; Huybers, 2006, 2007; 2011; Köhler & van de Wal, 2020; Liu et al., 2008; Ridgwell et al., 1999; 
Tzedakis et al., 2017; Tziperman et al., 2006), and even as semi-random fluctuations with no true periodicity 
(Wunsch, 2003). Attempts to analyze the duration of the cycles are complicated by the fact that most proxy 
records are orbitally tuned, which leads to a circular problem when using those records for spectral analysis, 
or to investigate lead-lag relations with orbital forcing (Huybers & Wunsch, 2004). In order to discuss the 
role of insolation we briefly recap the orbital forcing in the next section.

Likewise, the characterization of the entire Early Pleistocene as having 41-kyr periodicity is a simplification, 
although most cycles were 41 kyr in duration. For example, around 2.5 Myr ago across MIS 100-96 subse-
quent deglaciations have been found to be first ∼56 kyr, then ∼28 kyr apart (Lourens et al., 2010). When 
defining interglacials by the absence of northern hemispheric land ice outside of Greenland, Köhler and 
van de Wal (2020) found that only 67% of the 41-kyr long obliquity cycle between 1.6 and 2.6 Myr ago led 
to the realization of a new interglacial, therefore, pointing to a partly irregular periodicity of climate for the 
Early Pleistocene.

3. Orbital Forcing
Milutin Milankovic (1941) proposed that the Earth's glacial cycles were a consequence of the small, periodic 
changes in the Earth's orbital and rotational parameters – specifically, the eccentricity of its orbit, the obliq-
uity of its rotational axis, and the precession of both its rotational axis and the semi-major axis of its orbit. 
Milankovic showed that, while these astronomical cycles only had a very small effect on the total amount 
of energy reaching the Earth each year, the amount of sunlight received by one particular hemisphere 
during half a year changes considerably. Since glaciers and ice sheets are commonly understood to be more 
sensitive to changes in summer temperature than in winter, and since Earth's land mass (and therefore the 
space for glacier and ice sheets to grow) is mostly located in the Northern hemisphere, the astronomical 
cycles could have a strong effect on global ice volume. Orbital parameters of the Earth for the last 2 million 
years (Laskar et al., 2004), the resulting mean summer (June-July-August; JJA) insolation at 65°N, and the 
integrated summer insolation (ISI; Huybers, 2006) between 30° and 70°N are compiled in Figure 3.

As can be seen in the frequency spectra shown in the right-hand panels of Figure 3, the 65°N summer 
insolation is dominated by changes in precession, followed by the 41-kyr obliquity cycle. Huybers (2006) 
argues that, since precession affects not just the summer insolation but also the duration of summer (due to 
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Figure 2. The last 3.3 Myr of the benthic δ18O stack by Ahn et al. (2017) (uncertainty indicated by shaded area), plotted over magnetic reversal stages as 
indicated by the bars below the panels (Lisiecki & Raymo, 2005). The “transition phase” of the MPT is indicated by the blue shaded area.
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Climate evolution over the past 1.6 Ma recorded in the oxygen isotope 
compositions of benthic foraminifera shells [data from Lisiecki and Raymo, 2005]
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The Mid Pleistocene Transition (MPT)

MPT is a fundamental change in the behaviour of glacial 
cycles during the Quaternary glaciations. The transition 
happened approximately 1.25 – 0.7 million years ago. 
Before the MPT, the glacial cycles were dominated by a 
41,000-year periodicity with low-amplitude, thin ice 
sheets and a linear relationship to the Milankovitch 
forcing from axial tilt. 

After the MPT there have been strongly asymmetric 
cycles with long-duration cooling of the climate and 
build-up of thick ice sheets, followed by a fast change 
from extreme glacial conditions to a warm interglacial. 
The cycle lengths have varied, with an average length of 
approximately 100,000 years.
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The Mid Pleistocene Transition (MPT)
MPT is a fundamental change in the behaviour of glacial cycles during 
the Quaternary glaciations. The transition happened approximately 1.25 –
0.7 million years ago. Before the MPT, the glacial cycles were dominated by a 
41,000-year periodicity with low-amplitude, thin ice sheets and a linear 
relationship to the Milankovitch forcing from axial tilt. 

After the MPT there have been strongly asymmetric cycles with long-duration 
cooling of the climate and build-up of thick ice sheets, followed by a fast change 
from extreme glacial conditions to a warm interglacial. The cycle lengths have 
varied, with an average length of approximately 100,000 years.

1. How can ∼100 kyr glacial cycles occur in a world forced by insolation 
changes with only a very small 100 kyr term and much larger term for 20 
and 40 kyr terms? 

2. Why did these ∼100 kyr cycles only appear after the MPT despite no 
obvious change in solar forcing around that time? 

These findings gave rise to two main questions:
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Did our  ancestors nearly die out during the PMT? 
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MPT – Orbital Forcing ?Reviews of Geophysics

the higher orbital velocity near perihelion), a more appropriate measure for the effect of orbital changes on 
glacier mass balance would be the ISI. In the ISI, the effects of precession on summer insolation and dura-
tion largely cancel out in the integral, leaving the 41-kyr obliquity cycle as the dominant term. The 100- and 
400-kyr eccentricity cycles, which modulate the effects of precession, are not visible in the 65°N summer in-
solation, nor in the ISI. As can be seen directly from the frequency scalograms in Figure 3, as well as in more 
detailed statistical and spectral analyses (Clark et al., 2006; Lisiecki, 2010), the spectral nature of the solar 
forcing is statistically similar in both the Early and Late Pleistocene, so that there is no reason to believe that 
the change in the spectrum of reconstructed climate change over the MPT is solely driven by insolation.

4. Proposed Mechanisms Based on Ice-Sheet Feedbacks
This section discusses different feedback mechanisms that have been proposed as (contributing) causes 
of the MPT that mainly focus on ice sheets (ice-climate feedbacks, basal conditions, ice-dynamical insta-
bilities, etc.). Mechanisms involving sea ice, ocean circulation, and the carbon cycle, will be discussed in 
Section 5.

4.1. A Framework of Ice-Sheet Stability Thresholds

Several different mechanisms that have been proposed to explain the so-called 100-kyr Late Pleistocene 
glacial cycles involve nonlinear feedback mechanisms between ice sheets and the global climate, the solid 
Earth, and other Earth system components (Abe-Ouchi et al., 2013; Bintanja & van de Wal, 2008; Clark & 
Pollard, 1998; Oerlemans, 1980; Pollard, 1983; Raymo, 1997). Here, we propose a framework, where the 
sensitivity of an ice sheet to changes in insolation and climate is separated into three size regimes, sepa-
rated by two thresholds (Figure 4). In the “small” regime, the ice sheet is too small to survive an insolation 
maximum, leading to the nearly linear response of ice volume to the 41-kyr variations of ISI visible in 
reconstructions for the Early Pleistocene (Bintanja & van de Wal, 2008; Köhler & van de Wal, 2020). The 
“small” regime is separated from the “medium” regime by a threshold ice-sheet size. Above this threshold, 
certain positive feedbacks in the ice-sheet – climate system, such as the ice-albedo and elevation-tempera-
ture feedbacks, create enough self-sustained ice-sheet growth to allow the ice sheet to survive an insolation 
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Figure 3. From top to bottom: Obliquity (green), eccentricity (red) and precession (blue) of the Earth, according to the solution by Laskar et al. (2004); 
the resulting summer (JJA, June-July-August) insolation at 65°N (orange), and the resulting integrated summer insolation (ISI) between 30° and 70°N 
(Huybers, 2006), all over the past 2 million years. The right-hand panels show the corresponding frequency scalograms from the wavelet transform.

Berends et al. (2021) 
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Three ways in which ice cores have changed our 

perception of the climate

1. Quantification of climate forcings 
(orbital, greenhouse gases, volcanic, and 
solar)

2. Direct observation of climate-carbon 
cycle links

3. Existence, dynamics and role of 
millennial scale changes (e.g. D/O events)
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Underlying Science

• Unless we understand the 
transition from 40 kyr cycles to 100 
kyr cycles, we don’t really 
understand today’s climate 

• Why did we have the Mid-
Pleistocene Transition (MPT) 
around 900 kyr ago? 

• Why do we now live in a 100 kyr world? 
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deep ice cores:
low accumulation
cold
cold, flat base
not too thick
little lateral flow
 Fischer et al., CP 2013
 Van Liefferinge & Pattyn, CP, 2013
 Parrenin et al., TC 2017

blue ice areas?
 Kehrl et al, GRL 2018
 Yan et al, Nature 2019

Allan Hills (US)

Grove Mountains (CN)

Little Dome C (EUR, AUS)

Ridge B (RUS)

Dome A (CN)

Dome F (JP)

Where to find such old stratified ice ?



Carlo Barbante, EU Polar Science Week 2024

Exploring Polar Dynamics: Insights from the Mid  
Pleistocene Transition to Future Climate Scenarios

Talk 1 “Global and regional temperature change over the past 4.5 million years + 
implications”
Peter Koehler, Alfred Wegener Institute, Germany

Talk 2  “Characterising the Antarctic Ice Sheet through time and space” 
Olaf Eisen, Alfred Wegener Institute, Germany

Talk 3 “The role of the Antarctic ice sheet in the regional to global climate 
system”
Laura De Santis, National Institute of Ocenography and Apllied Geophysics,
Italy

Future perspectives – Formulate recommendations for a Polar Science Agenda
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Thank you for your attention


