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Abstract. During the Quaternary period, spanning the last 2.6 million years, the characteristic frequency and amplitude

of glacial-interglacial cycles evolved from low-amplitude 41,000-year cycles to high-amplitude 100,000-year cycles. This

transition occurred around 1.2 to 0.8 million years ago and is referred to as the Mid-Pleistocene Transition (MPT). While-the

o-suggests the existence of some fundamental change within the
Earth-climate system, leading to non-linearities or feedback mechanisms. The temporal structure of such a change is still under
debate. Here, we present a new conceptual model of the Quaternary global climate, the so-called RAMP model. It can be
applied to different paleoclimatic records and variables as the global mean sea level, benthic foraminifera 97°0 and seawater
wwwmmwa ramp-like change in m{emaHefemg—Theﬁﬁedel—rymfaveﬂ%eramp-}ﬂee—tewmg
reconstruct the MPT, Parameter optimization finds that the onset of the change occurs in the early Quaternary (2.6 - 2.2 Ma) and

lasts into the 100 kyr world (500 - 250 ka). These findings im
m%h&eaﬂy{l}eiﬁeeeﬂeﬁmfksupport the idea of a long-term elimatie-shift as a cause of the MPT ~Fe%%he«best-peffefmmg
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906 -ka-are-mainly-driven-by-preeession rather than-obliquity-—and imply that the climate shift began early in the Quaternary.
The model uses a linear combination of precession and obliquity as external orbital forcing, which can be optimized to best
reconstruct the target paleoclimatic record. The identified orbital forcing differs from the widely used insolation at summer
solstice at 657 N, as it exhibits a larger precession signal. While the RAMP model yields consistent and good results for
two global mean sea level curves and one benthic §'%0 record, it fails in reconstructing a recent deconvolution into seawater
9°%Q4. which significantly differs from the other curves. Moreover, we perform various sensitivity tests, in which the RAMP
model demonstrates high robustness, especially the identified long-term trend is a very robust feature in the model, indicating
its importance in reconstructing the MPT.

The Quaternary is the most recent geological epoch, covering the last 2.6 Ma. It is characterized by the alternance of cold glacial

climate states and warmer interglacial periods. Glaet
interglactal periods—In the first half of the 20th century, Milutin Milankovitch made significant contributions to the astronomical

theory of climate, which links changes in Earth’s orbital parameters to changes in the radiative forcing, which ultimately leads

to glacial-interglacial variability (Milankovitch, 1941). In-his-theery;-the-orbital-variations—of Barth’s-eecentricity,-obliquity

{Ganepelski; 2024)—Earth’s obliquity varies on a cycle of approximately 41 kyr, while precession operates over a 19 kyr and
a 23 kyr period, and eccentricity fluctuates on a 100 kyr and a 400 kyr timescale (Hays et al., 1976). In his theory, the orbital

variations of Earth’s eccentricity, obliquity and precession lead to variations in the insolation during boreal summer, which is
Two central problems arise from this theory:—. The first is known as the 100 kyr problem-; The late Quaternary glacial
were-characterized-by-follow 100 kyr eyeles;eloselyfoHowing-the-eceentricity-signal:

cycles (approximately the last 800 ka)

atterns, despite the eccentricity having only a negligible influence on the global insolation compared to the obliquity and

recession (Raymo and Huybers, 2008; Imbrie et al., 2011; Barker et al., 2022). The second issue is related to the shift of low-
amplitude reughly- 41 kyr cycles towards high-amplitude reughly- 100 kyr cycles during the mid-Pleistocene ( 1.2 - 0.8

Ma) in the absence of any significant change in orbital forcing. This transition is known as the Mid-Pleistocene Transition

(MPT) (Imbrie et al., 2011; Barker and Knorr, 2023; Elderfield et al., 2012). The occurrence of the MPT poses one of the most

challenging open questions to the paleoclimatological community and has been the subject of intense studies (Willeit et al.,
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2019; Legrain et al., 2023; Berends et al., 2021b; Ganopolski, 2024). Due-to-the lack-of-any-apparentchange-in-orbital foreing;

various-Various internal feedback mechanisms of the climate system and non-linearities have been put forward to explain this

major climatic shift (Legrain et al., 2023; Berends et al., 2021b).

tonRecent studies suggest that the

duration and timing of deglaciation and glaciation events over the last 900 ka were largely deterministic and driven by the

and eccentricity (Barker et al., 2022, 2025). Barker et al. (2025) identified candidate

precession peaks, which are precession peaks that begin while obliquity is increasing, as essential for glacial terminations. They
found that all glacial terminations during the last 900 ka correspond to the first candidate precession peak after a minimum
in eccentricity. This is how the 100 kyr periodicity comes into play for the post:MPT world. On the other hand, it seems like
obliquity alone controls the following glacial inception, which is triggered by the start of its next decreasing phase. During
and prior to the MPT, the authors found that almost all candidate precession peaks are linked to glacial terminations. Since

they depend on rising obliquity values, they are mainly paced by obliquit resultlng in the observed ebhquﬁy—dfweﬂl kyr
world -

relative phasing of precession, obliquit

ec-with no more influence

of eccentricity on these cycles. This leaves open the question of why there was a change in the climate response to candidate
precession peaks.

While various hypotheses have been proposed to explain the MPT, the following two are particularly popular. The regolith
hypothesis suggests that gradual removal of thick regolith layers (10-50 m) on the North American and Eurasian surface during
continuous glaciations exposed the high-friction crystalline bedrock -corresponding-to-reduced-basal-velocities-and-areduced

sensitivity-te-inselation—Theinereased-underneath, reducing basal ice flow and increasing ice sheet stabilitywould-haveresulted
inthe-observedlate-Pleistoeene—, leading to the observed 100 kyr i

erns-periodicity (Clark and Pollard, 1998; Clark et al., 2006; Willeit et

. Alternatively, a gradual cooling trend%mﬁwmmwmatmmphenc
CO; concentrations throughout the Quaternary 2y, may have triggered the MPT

Scherrenberg et al., 2025). Based on such a long-term cooling trend, various feedback mechanisms ;like-ice-sheetfeedbaeck
mechanisms-in the ice sheet or changes in the ocean circulations ;-have been proposed as a secondary trigger for the MPT
(Berends et al., 2021b).

Another open question is—whether-an-abrupt-or-gradual-seenarie-concerns the temporal structure of the change that might
have triggered the MPT. While a gradual c¢hange-scenario involves a linear change of-a-climatic-parameter-over the entire

Quaternary ;-an-abruptseenario-refers-to-(like the CO, hypothesis), a more abrupt scenario involves the crossing of a-climatie
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Cordilleran ice sheetpeseda%treng#eedbael@ﬂmeglaeral%yeles(Berends et al., 2021b; Bintanja and van de Wal, 2008;

Gregoire et al.,

Various conceptual models have been developed over the last decades, varying in their underlying assumptions and hypothes
Many of them yield good results and can reconstruct the 100 kyr world with its characteristic saw-tooth pattern (Gildor and
Tziperman, 2001; Imbrie et al., 2011; Parrenin and Paillard, 2012; Pérez-Montero et al., 2024) or even the MPT with its shift in
amplitude and frequency and its speci ¢ timing (Paillard, 1998; Paillard and Parrenin, 2004; Legrain et al., 2023; Ganopolski,
2024).

A common approach is to attribute glacial-interglacial variability to relaxation oscillations between multiple equilibria
(Paillard, 1998; Parrenin and Paillard, 2012; Legrain et al., 2023; Leloup and Paillard, 2022). In his initial work, Paillard
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state. Transitions between model states depend on the ice volume and the insolation. To account for a change in forcing due tc
decreasing atmospheric G@oncentrations, he added a small linear trend in the radiative forcing and linearly increased one of
the state thresholds. This model is able to accurately reconstruct the global ice volume over the past 2 Ma, with good results in
the timing of terminations and the change in periodicity due to the MPT. In later work, Parrenin and Paillard (2012) presented

deglaciation state. While the deglaciation trigger depends on a combination of ice volume and insolation, the glacial inception
is solely controlled by insolation. Moreover, they adapted the solar forcing, such that the model takes a linear combination of
three orbital parameters instead of a xed insolation curve. A similar approach was used in the model of Imbrie et al. (2011).
Indeed, the model results seem to depend on the chosen insolation forcing, since they differ in their contributions from obliquity

to the model in the form of a varying deglaciation threshold. They found that a gradual increase of this deglaciation threshold
is more likely to reproduce the MPT than an abrupt change. Based on this nding, they suggested that a gradual decline in

atmospheric C@concentrations over the Pleistocene may have increased the deglaciation threshold, potentially causing the
MPT.

Imbrie et al. (2011) proposed a phase-space model that again combines ice volume and orbital forcing as a deglaciation
trigger. They were able to reproduce the shift in frequency of glacial-interglacial cycles purely by orbital forcing, without
changing any model parameters during the MPT. Hence, they linked the occurrence of 100 kyr glacial cycles to the eccentricity-
driven amplitude modulation of precession. However, their model-data comparison was limited to a detrended ¥énthic
curve rather than an ice volume reconstruction, thereby precluding the assessment of whether their model accurately reconstruc

15the change in amplitude over the MPT.

155

In a more recent work, Ganopolski (2024) attempted to set up a generalized Milankovitch Theory by incorporating model
results from CLIMBER-2 (a more sophisticated Earth-System Model) into a conceptual model. The model can reproduce the
glacial cycles of the Quaternary based on the nonlinear response of the climate system to the orbital forcing in the form of the
eccentricity-driven amplitude modulation of precession and the existence of supercritical ice sheets. A graduakinicrease
the critical ice volume is added to model the MPT. The author associates this with the gradual removal of terrestrial sediments

in the Northern Hemisphere, which is needed to prolong the late-Pleistocene glacials.
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Esi: Precession esin(!); Eco: Phase-shifted precession ecos(!Precession parameter esin(!) Q)

Ob: Obliquity ; 2)

with ! the precession angle taken from the vernal equinox and e the eccentricity.

1) = EesiEsi(t)+ oOb(t); ®)

with theconstantyeights. gsi.and. o (mkyr* ).

depending on the current model state:
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225 Cenverselyice versa, a transition from a deglaciation state to a glaciation state (d) ! (9) occurs when:

0) esi ESi(t) + K ecoECO(t) + K 0 Ob(t) =1 (1) <V 1;
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The Berends sea level data reconstructs the past 3.6 Ma, based on an inverse forward modelling approach that aims t
disentangle the coupled signals of ice volume and ocean temperature, present in B&@técords (Berends etal., 2021a).
It uses the LR04 stack of benthit?O asaforei isiecki

approach by Rohling et al. (2021) to deconvolve the sea level signal from theWekn&qM%ayme%G@%@ei%@
signak{Rehling-et-ak;-2624tack. Despite their different approaches to reconstructingithatseatevel GMSL signal from

the LRO4 stack, both produce curves in strong agreement with each other, with a mean offset of 3.3 m (Rohling et al., 2022).
In the period before 2.6 Ma, the offset is greater. In general, the Berends record is smoother compared to the Rohling record,
which arises from a stronger inertia in changes in the ice volume present in the Berends model (Rohling et al., 2022).
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365 RMSEof 0:22(Fig. 1a). Themodelselectsalong-lastingincreasingrendfor thedeglaciatiorparametem orderto reconstruct

Ma and lasts until around500 ka in_the model
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