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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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of-a—gradual-theory;-one-some irreversible climatic thresholds over a short period of time (Legrain et al., 2023). One proposed

abrupt mechanism that-coutd-havecontributed-to-the MPTis-based-en-involves non-linear feedback effects between-the-iee

hatfrom the merging of the North American Laurentide and

Cordilleran ice sheets pesedﬁ&eﬂgfeeébaeleefﬁh&ghem%eyc—}ek(Berends et al., 2021b; Bmtanja and van de Wal, 2008;
Gregoire et al., 2012).

Climate models ofvarying-ecomplexity-present a versatile tool for investigating these different hypotheses. On-ene-end-of-the
medel»hfefafehy%The range from computationally expensive Earth System Models fha%&y«teﬂﬁelude%%ﬂdeﬂymg

(spatial dimensions) repre

eomplexity-by-focusing-conceptual models that focus on key variables while allowing long simulations. They rely on a reduced
number of highly aggregated macroscopic variables that try to reconstruct the full dynamics as closely as possible (Saltzman,

2001). Ve

Various conceptual models have been developed over the last decades, varying in their underlying assumptions and hypotheses.
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 specific 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
(1998) proposed a three-state model (hereafter referred to as P98) consisting of an interglacial, mild glacial, and a full glacial
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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 to
decreasing atmospheric CO, concentrations, 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
an improved version of this model —which-new—(hereafter referred to as PP12), which only consists of a glaciation and a
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 fixed 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
and precession (Leloup and Paillard, 2022). Legrain-et-ak(2023)-The three model versions by Legrain et al. (2023) (hereafter
referred to as 1.23 models) continued the work by implementing different internal forcing scenarios to test which of them is
most likely to reproduce the MPT. In addition to the external solar forcing, they added an-internal-foreing-internal variations
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 finding, they suggested that a gradual decline in

atmospheric CO, 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 benthic §'30
curve rather than an ice volume reconstruction, thereby precluding the assessment of whether their model accurately reconstructs
the change in amplitude over the MPT.

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 gradual increase ef-in
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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simprove the 2-state L23 conceptual
models. To account for potent1al feedback mechanisms in the climate system ;we-implement-various-internal foreingseenarios

in-the-moedel;rangingfrom—apurely-orbital-moedel-te—a—or internal changes in the system, we implement a new ramp-like
change-in-internal-foretngscenario, called the RAMP model. Here, the focus is-lies on the general temporal structure of such

a i tsr-whi s-change, allowing for its physical interpretation. Qur-modetis-a-contintuation-of

model-to-project-glacial-interglacial-variability-over-the-next-250-kyrThe RAMP model covers all three temporal scenarios
discussed in the L.23 models and is characterized by its easy adjustability. In comparison with the L.23 models, it can be run
on different time scales, be extrapolated into the future, be run on different tuning targets and for different climatic variables
(global mean sea level, 9'°0), and it can be easily re-tuned for new parameterizations (e.g. allowing to test the effects of
changes in the state thresholds, forcing, etc.).

2 Methods

2.1 BasemodelsThe RAMP modelused-in-this-study-is-

The new RAMP model presents an 1mproved version of the eeﬂeeptua}ﬁedekdeve}qaeekb}#l:egfaﬂ%—@@%}—whiehﬂ%
ton-L.23 models. In

the following, the model formulation is described. A detailed description of the changes compared to the .23 models can be
found in the Supplementary Information (SI Sec. 1).



While the L23 models were used to simulate the global ice volume w{#)—in—meter—sea-level-equivalent-(m-sh-over—the
190  Pleistocene—As-input-ituses-and relied on the sea level reconstruction by Berends et al. (2021a) as a tuning target, the RAMP.
model can be applied to various targets, including benthic foraminifera and seawater 9'°0. Targets, other than global ice
volume, are scaled to the Berends et al. (2021a) sea level, then solved for this unit space, before being rescaled to their initial
units. This allows for consistent parameter units for all tuning targets and comparable orders of magnitude, and, therefore, to
use a single model for various dimensional paleoclimatic records.
195 The RAMP model uses orbital forcing as an input to reconstruct a paleoclimatic curve over the Quaternary. Leloup and Paillard (2022)
showed that the model outcome depends on the chosen insolation forcing (e.g. summer solstice or caloric season at 65° N). This
poses abias to the model by selecting a specific insolation metric. Some earlier models (Imbrie et al., 2011; Parrenin and Paillard, 2012; Les

use instead a linear combination of three

recession, co-precession and obliquity, which can represent insolation at most latitudes and seasons eutre; 1993+ Imbrie-et-al; 204
200 (Imbrie et al., 2011). In the RAMP model, we only use a linear combination of precession and obliquity. We show that such a
linear combination of only two orbital parameters can indeed accurately reconstruct various insolation curves (SI Sec. 4). The

following orbital parameters (dimensionless) from La2004 orbital solution (Laskar et al., 2004) are used:

Esi: Precession ~ esin(w),Eco: Phase-shifted precession ~ ecos(w): Precession parameter ~ esin(w), (1)

Ob: Obliquity ~ e, 2)

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

Hence, the orbital forcing I(¢) (mkyr~') in the model is defined as:

I(t) = araFsi(0) + 20 Ob(1), )

with the constant weights agg and aq (mkyr=!).
The model has two different states, the glaciation state (g) and the deglaciation state (d). Therefore, the ice-volume-evolution

210 paleoclimatic quantity v(¢), given in meter sea level equivalent (m sl), is driven by two linearfirst-order differential equations,
depending on the current model state:

do(t
g: d(t) =_ ) tog=—1(t) +ay, 4)
du(t) v(t) v(t) v(t)
d:—==__ - =—1,(t - —, 5
ae = wream o et ST v
where (vpi. (v o < (v and vy are constant model parameters in o (i kyr ™'z (/) is the relaxation time in ) is a constant

215 model parameter controlling the glacial rate of advance and 74 (kyr) is the constant relaxation time, which controls the deglacial
rate of retreat,

A state change from a glaciation to a deglaciation (g) — (d) occurs when a combination of the current ice-volume-quantity
v(t) and the orbital forcing exceeds a critical threshold—Heneea-termination-ean-be-triggered-for-moderate-orbi i
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@) v(t) + (kpsiEsi(t) + kpeoEco(t) + koOb(t)) = v(t) + Ix(t) > vo(t),

=TIk (t)
(i) krsiEsi(t) + kpcoEco(t) + koOb(t) = I (t) > v,

=1 (t)

ConverselyVice versa, a transition from a deglaciation state to a glaciation state (d) — (g) occurs when:

1) IfESiESi(t) + kECOECO(t) + koOb(t) =1 (t) <1,
=Ik(t)
(i1) v(t) + (kpsiEsi(t) + kreoEco(t) + koOb(t)) = v(t) 4+ I (t) < vo(t).
=1 (t)

0 orbital-medelis—purely-orb y—eriven—and acg atien—parameter—vg =vy—and-therelaxation—time
Fatty=rqare To account for the correct units, the threshold equations use the dimensionless orbital forcing 7(t) = 1. The
time-dependent deglaciation parameter is denoted as vo(t) (m), and vy (m) is another model threshold but constant in time.
Supplementary Figure S3 visualizes how these thresholds act in the RAMP model and how they initiate state changes and drive
the dynamics of the model.

1)6, if t 2 tabr T(/i, ift > tabr

vo(t) = , .
Vo, if t <tapr Td, if t <tapr

To simulate the MPT, the L23 models (and their earlier
recursor models) introduced a temporal change in the deglaciation parameter and-therelaxationtime-overthe-whelesimulation
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’U()(t) = Vo — Cvt

Td(t) = Td — C.rt

parameters-changevg(¢), as orbital forcing alone was not capable of simulating the MPT in their model. In the RAMP model
this parameter is altered ramp-like, i.e. it changes linearly during a period bounded by ¢; and to —Before-and-after-thisperiod;
ka) and stays constant before and after:

V0,1, ift >t
vo(t) = Ta(t) = wop + R (t—t),  ift>t>t (®)
00,2, ifto >t

%ﬂ%@—madﬁ;ﬁh&eeﬁsmmmmmmjmw before the ramp and with vg-and-7;-the-constant-values
m(ml&wgé@mafter the ramp.

eveﬁh&whe}eﬁmulaﬁeﬁpeﬂedoﬁie%e—&m—feffﬂﬂlﬂﬁeﬁ&eThe time ¢ is conventionally given in paleo units (ka BP). This
implementation covers three special temporal scenarios, all included in the three model versions discussed in L23:

o if vg 1 = vg,2: no change in the deglaciation parameter. RAMP is only externally forced by changes in orbital parameters
equivalent to ORB model in L23

if £, = to: abrupt jump in vq(?) (equivalent to ABR model in L23
if 1 = 2.6 Ma and ¢, = 0 Ma; gradual trend over entire simulation period (equivalent to GRAD model in .23

' ®

0

Therefore, the new RAMP model is more flexible than any of the .23 models, and for a linear trend in vq, it also gives
information on when such a trend has started and ended. Tuning the RAMP model sefves—as—&bﬁdge%efweeﬂﬂae—ABR—aﬂd

and-start-peint-of-the-Hinear-trend—to some paleoclimatic target curve reveals the temporal evolution in v,(?), needed to best
reproduce this curve.
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to the L23 models, the newly developed RAMP model demonstrates superior numerical efficiency, exhibiting a speedup b
a factor of approximately 30, and it incorporates a more advanced tuning strategy (more details in SI Sec. 1). The gain in

numerical efficiency in combination with a more refined tuning strategy allowed us to test various parameterizations involvin
modifications to the model forcing, the evolutionary equations, or the threshold equations (Eq—6;-7which-islinked-to-the

I, = [Egsi + lpsiv(t)] Bsi(t) + [Fgeo + lreov(t)] Eco(t) + [ko + lov(t)] Ob(t)
= kpsiEsi(t) + kpcoEco(t) + ko Ob(t) + lgsiv(t)Esi(t) + lpcov(t)Eco(t) + lov(t)Ob(t)
:Ik(t) :Il(t)

= I(t) + I,(t) .

SI Tab. §4). These
tests enabled us to investigate the influence of various parameters and to identify less important ones that could be excluded
from the final model. During this process, we identified the necessity of scaling the orbital forcing I in the threshold equation
in such a way that it has a similar magnitude to the quantity v. Consequently, this allowed for a reduction in the number of

1L.23 models (by 2 to 4 fewer)
while simultaneously covering a broader range of temporal scenarios and improving the performance of the model.

2.2 Globaliee-volume reconstruetionsTuning targets

The Sta s—are—a stobal—ses < s ; )
simulated-L23 model reconstructed the global ice volume in-the-medel-is-expressed-in-metersealevel-equivalent{m—sbh—

SEiLe < —over the past 2 Ma by using the global mean sea level (GMSL
reconstruction by Berends et al. (2021a) as a tuning target. In contrast, the RAMP model is extended to include four different
aleoclimatic records, which allow reconstructing not only the global ice volume, but also benthic 6180, and seawater 6120, .

10
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The Berends sea level data reconstructs the past 3.6 Ma, based on an inverse forward modelling approach that aims to
disentangle the coupled signals of ice volume and ocean temperature, present in benthic §'30 records (Berends et al., 2021a).
It uses the LRO4 stack of benthic §'30 as

eHorcing (Lisiecki and Raymo, 2003)
- We keep the Berends curve as a target for global ice volume in the RAMP model, but also include the GMSL reconstruction
by Rohling et al. (2022) to have a second target curve. In contrast to Berends et al. (2021a), they used the process modelling
approach by Rohling et al. (2021) to deconvolve the sea level signal from the LR04 (Lisieeki-and-Raymo-2005) benthie 620
stgnal-(Rohling-et-al5-2022)stack. Despite their different approaches to reconstructing the global-seatevel-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).

A most recent work by Clark et al. (2025) deconvolved the Prob-stack (Ahn et al., 2017), a global mean benthic 6120, stack
into its seawater §'80,,, component, based on ocean temperature data. The Log-Eikelihoodfunctionfor-the-optimizationis

11
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eﬂefs—GRMSE—%befweeﬂ%h&stmfﬂa{eng}ebal—iee%}&me&aﬂdrProb stack was corrected for a long-term increase in 51801,
ossibly due to a combined effect of diagenesis and the

340 relative-to-the-three-original-model-configurations—

345 efcarbonate ion effect. To account for other targets than GMSL, we include the benthic 620, Prob-stack (Ahn et al., 2017
as detrended by Clark et al. (2025) and its seawater component 6'%0,,, as two further tuning targets for the best—model

350

355 3 Results

3.1 Moedelimprovements

360




365

370

375

380

385

390

395

3.1 RAMP model for Quaternary climate

Tuning the RAMP model to the detrended Prob-stack results in a high correlation between both curves (12 = 0.86) and an
RMSE of 0.22 (Fig. 1a). The model selects a long-lasting increasing trend for the deglaciation parameter in order to reconstruct
the target curve. This ramp-like change occurs around 2.2 Ma and lasts until around 500 ka in the model. Furthermore,
the RAMP model can correctly identify an increase in the amplitude of 3'°0, cycles after the MPT. Although some of the
post-MPT interglacial peaks are too low in the reconstruction. During the period 1.4 - 1 Ma, the glacial peaks tend to be too
low in the RAMP model. Comparing the frequency scalograms of the RAMP reconstruction and its target curve demonstrates
close resemblance (Fig. 2a.¢). Both curves have a strong ~41 kyr obliquity signal over the entire Quaternary and an emerging
~2100 kyr period after around 1 Ma. However, the RAMP reconstruction features some consistent precession signals over the
entire simulation period, which are not visible in the benthic target curve.

Tuning the RAMP model to the GSML reconstruction, either by Berends et al. (2021a) (Fig. ﬁa}—?hemeaﬂ—g}ebaheeve}tme
terr1b) or Rohling et al. (2022)

. The obtained model-data correlation is high for both curves (R = 0.86 and R = 0.85). A general

low interglacial peaks for the post-MPT world remains for these targets. The simulated glacial peaks before the MPT persist
in being underestimated, especially visible for the Rohling target, which shows larger glacial-interglacial eyeles{(GICs)-stays

variations during this period. While the temporal
evolution of v(¢) for the Berends target closely resembles the one obtained for the GIGs—eeffeeﬂy—The—&mphfude—s%ays—a}nwst

13
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Figure 1. The RAMP model (purple lines) tuned for four different tuning targets; (a) Prob-stack benthic 530, (Ahn et al., 2017) as detrended
by Clark et al. (2025), (b) Berends et al. (2021a) GMSL curve, (¢) Rohling et al. (2022) GMSL curve, and (d) Clark et al. (2025) seawater

5180,,,. The vertical black lines indicate the start and endpoint of the ramp and the dotted black lines show the temporal evolution of the

deglaciation threshold. The grey-shaded area highlights the classical perspective of where the MPT is located in time. MIS boundaries are

iven according to Lisiecki and Raymo (2005). Model extrapolations for the future 100 kyr are indicated by the yellow-shaded areas.

execeed-62-m—o-for-the-next-benthic target, it does differ for the Rohling GMSL target. For this target, the ramp begins almost

immediately in the simulation and lasts longer, extending until approximately 250 kyris-predictedto-be-45-9-m-with-the-ORB
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Figure 2. Comparison-of-Frequency scalograms from the fou
tuning targets: (ee) Prob-stack benthic 580, (Ahn et al., 2017) as detrended by Clark et al. (2025), green—(f) Berends et al. (2021a) GMSL
curve, (g) Rohling et al. (2022) GMSL, curve, and the RAMP-model(d,—purple—eurveh) over-the—wholePleistoeeneClark et al. (2025)
frequencies of precession (black—dotiedtine~23 kyr)is-shownfor-eachsimulation, indicating—the—internal-foreingseenario—The-yellow
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2b,c) exhibits the same general patterns as for

the benthic target with a dominant obliquity signal, an arising ~100 kyr signal around 1 Ma and a significant precession signal

afterwardsUsing the seawater § 18O record from Clark et al. (2025) affects the simulation the most (Fig. 1d). For this target
the RAMP model demonstrates the least correlation (R 0.63). In general, while the feika*a&eﬂ—ﬂmeﬁ(—t%—mefeases—%em

characterized by lower glacial-interglacial amplitudes prior to the MPT and an increase in peak glacial values, the 180
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470

curve displays a fundamentally different picture. Here, the glacial-interglacial cycles exhibit much stronger variations in the

early Quaternary, and certain of these glacial maxima are comparable in strength to the ones occurring in the late Quaternary.

Furthermore, the increasing trend in glacial maxima, apparent for both GMSL curves and the benthic record, is not eorreethy

he-visible for the seawater 9°°0,,. In contrast,

it exhibits an increasing period between 2 - 1.5 Ma, followed by a decreasing period in the interval 1.2 - 0.8 Ma. The RAMP
model struggles to reconstruct these features. Overall, the glacial-interglacial amplitades-are-much-betterresolved-with-the

AB%eempafed{e{heQRBﬁmdekvarlatlons are significantly smaller for the general-bias-ofunderestimated-glactal-peaks-and

Redueing-the—simulation—period-to2-Myr—yields—similarresults—pre-MPT glacial extrema are too small, the post-MPT
interglacials are too weak. The identified ramp is very limited in time and appears after the MPT in the interval 400 - 200

ka. Hence, it differs substantially from the long-lasting patterns observed for the previous three targets. Moreover, the RAMP
model fails in reconstructing the post-MPT 100 kyr cycles (Flg ﬂb}—%&e&bmp&l\%s—delayed—&e%@%%wrem

17



475

480

485

490

495

500

505

the-GICs-are-bounded-by—2-m-and 52-m-with-v-of 19-5-m-—Fer-the-2d) correctly. It only features a 100 kyr signal for the last +

~The tuned parameter values
are very similar for the two GMSL. targets and the detrended Prob-stack (S Tab. §3). This highlights that the RAMP model. as
discussed above, yields robust outputs for these three tuning targets. While the 00y, target differs more significantly in its
parameter values, certain parameters like o, Q. Qg and vg,1 remain similar.

Extrapolating the RAMP model
ields consistent results for all four tuning targets. For the Berends and Rohling GMSL curves and the detrended Prob-stack

simulates the end of the Holocene at 6 ka and the subsequent glacial cycle to reach its maximum at 64 kyr in the future. The
9°°0y, target results in almost the same timings with an endpoint for the Holocene at 10 ka and ended-i-ka-Fhe proceeding
ghactal-eyele-would-fast-unti163-a next glacial maximum at 63 kyr in the future—future, For all four targets, the RAMP
model underestimates the current interglacial lowstands and projects an intermediate, strong future glaciation, compared to the
previous ones.
WI@WMMWW
between the RAMP and the &
by-1.23 models. Hence, we run the RAMP model for a reduced simulation period of 2 Myr and tune it to the Berends
GMSL curve. A comparison with the GRAD model, which is the best-performing model version of L.23, demonstrates better
model-data agreement with a reduction in 1 g i i

T%GMM%W%%&MM m, while relying on three parameters
less, but still providing more information on the temporal change in vy (t). A complete comparison with all L23 model versions
and the new RAMP model is shown in the SI (Fig. ??e)-orfor-3:6-Myr-(Fig—??)—The- MPT-can-be-reproduced-for-all-three
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Figure 3. Comparison of the orbital forcing in the RAMP model (purple line), when tuned for the (a) Prob-stack (Ahn etal,, 2017) as
detrended by Clark et al. (2025), (b) Berends et al. (2021a) GMSL reconstruction, (¢) Rohling et al. (2022) GMSL reconstruction and (d)
Clark et al, (2025) 9'%Os, decomposition. For each forcing curve, the best-fitting insolation curve is shown. ISI curves were calculated
by code from Leloup and Paillard (2022). The RAMP model was tuned to the detrended Prob-stack. Panel (e)-(h) show the corresponding

eriodogram of both forcing curves.

3.2 Orbital forcing in the RAMP model
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The temporal evolution of the quantity v(¢) in the RAMP model is externally driven by the orbital forcing (¢). It is based on a

linear combination of the precession parameter and obliquity (Eq. 3). The two associated tunable model weights apg; and o

determine how the orbital forcing in the RAMP model looks very-similar-to-the- GRAD-meodel;-as-eanbe-seen-inFig—22d-The

and how strong the
recession and obliquity signals are. Figure 3 shows the resulting orbital forcings for the RAMP model—SemeﬂgeﬂefaJ:%iase%

The-most-obviousdifference-between-the-GRAD-and-, when tuned for each of the four different tuning targets. To identif’
the insolation curve corresponding to the obtained I(¢) curve, we compare it to daily insolation curves at specific latitudes

monthly averaged ones, and various integrated summer insolations (ISI) I.MWMWWMMWL

solution (Laskar et al., 2004) Insolation curves and orbital forcing in the RAMP model is-eoncerning-the-simulated-GICsfor
-are normalized for comparison.
The tuned weights (a for the orbital forcing in the RAMP model aﬂﬁerpates—thfeeﬂﬁefmedia{eg}aelaﬁeﬂs—ﬂley—afe

remarkable similarity across all four targets (SI Tab. S3). Consequently, it is unsurprising that the obtained orbital forcings for
these targets closely resemble one another, leading to a similar identification of the insolation curves with the highest correlation
(Fig. 22 i i i g i i

the-oceurrence-of-three-intermediate-glactal-eyeles-everthenext250-3a-d). For the four targets, the closest correlation is found
with the ISI above a threshold ranging from 339 to 347 W m™2, at latitudes between 51° and 53° N, indicating an almost
erfect alignment (R > 0.998). The spectral analysis (Fig. 3e-h) of these insolation curves demonstrates that they consist of a

I'The integrated summer insolation (ISI) was introduced by Huybers (2006) and is defined as the sum of insolations on days exceeding some threshold 7:
ISI(r) = 86,400 > _ B; Wi,
i

where W; is the mean insolation in W/ m? on day i, and B; = 1if W; > 7 and 0 otherwise.
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560

565

570

575

580

dominant obliquity peak around 41 kyr, accompanied by pronounced precession peaks occurring around 19 kyr, 22.4 kyr and
23.7 kyr.

3.3 Model sensitivity

MW&WMWWM&MWWMWM RAMP-modet
-glacial patterns
to changes in model parameters and simulation time and how robust the model tuning is. To investigate the model sensitivity,
we use the optimal parameter set (SI Tab. S3) for the RAMP model when tuned for the detrended Prob-stack, keeping all
WWMM@@ NehA

Lower initial values of 0%, 50%, 90% and 95% of the optimal value converge to the differenttimings-de-netappearte-inflaence
the-simulated-GICs;ner-the-projected-future-cyeles—Therefore;-same output in less than 200 kyr. Similarly, higher values of
105%, 110%, 200% and 1000% converge to the same output in less than 200 kyr. This demonstrates that the RAMP model

i-The second parameter that we vary is the model

threshold vy, which we alter in an interval of +£10% ([0.9,0.95,1,1.05,1.1] - v (Flg 22—The-Berends-data—exhibits—a
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Figure 4. Parameter sensitivity in the RAMP model. (a) Sensitivit

(d) Robustness of the model tuning. The RAMP model was tuned for the detrended Prob-stack, starting from a unit vector and excludin
the period 2 - 0.6 Ma (red-shaded area) from the tuning target. (¢) RAMP model when tuned for a 2 Myr run (golden line) compared to

the standard 2.6 Myr tuned version (purple dotted line). (f) RAMP model when tuned for a 3 Myr run (cyan line) compared to the standard

2.6 Myr tuned version (purple dotted line). The blue line shows the detrended Prob-stack. The grey-shaded area highlights the classical
erspective of where the MPT is located in time. MIS boundaries are given according to Lisiecki and Raymo (2005).

22



595

600

605

610

than-30-indicating very strong evidenee in-favourof 2.3 Ma, Thereafter, all simulations converge to the same pattern and only
differ for the late Quaternary glacial cycles. Apparently, the interglacial double peaks observed during Marine Isotope Stage
615 (MIS) 13 and MIS 7 are particularly sensitive to changes in parameters, and failing to detect these accurately can lead to an
early termination of the RAMP-meodetlast glacial period.
The last sensitivity test that we perform concerns the deglaciation threshold vo(t). Here, we vary simultaneously vg,, and
vg.2 in an interval of +£10% (]0.9,0.95,1,1.05,1.1] - v Fig. 4¢).
{&summafy—me&ﬂa}yﬂ&eﬂugwmmhe Bayesra&mfermaﬂe&e%ﬁeﬂemtﬂdef}mes—{heﬁﬁéﬂg

sensitivity
to the v; parameter. Only early Quaternary cycles around 2.5 and 2.3 Ma are affected, while the simulated glacial cycles till

620

around 1 Ma remain unchanged. The 100 kyr world is more sensitive to changes in the vy 1/ parameters, with MIS 13 and
MIS 7 being particularly sensitive.
To assess the robustness of the model tuning, the ABR-modelRAMP model is tuned from a unit vector (i.¢. initial parameter
625 guess of 1 for all parameters) to the detrended Prob-stack, excluding the time interval from 2 to 0.6 Ma from the target dataset.
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640

645

650

655

2-is only tuned for the early Quaternary (2.6 -

0.6 Ma-isshownin2 Ma) and the late Quatern last 600 ka), without any information on the glacial cycles during the ga
eriod. The reconstructed benthic 6180 curve closely aligns with the target curve (Fig. 22—

and-the-eurrent insotation-is sufficiently targe4d). In comparison with the reconstructed curve tuned to the complete target
(Fig. la), the exclusion of the gap results in a reduction of the R value from 0.86 to 0.77. The indicated ramp period remains
extended with an earlier onset at ~~ 2.3 Ma (previously ~ 2.2 Ma) and an earlier end at ~~ 800 ka (previously ~ 500 ka). Despite
W&@%@m@&s@w&a@w&um shaded ﬂfeasé—@ﬂeﬁ%fhfeﬂdr&eﬂﬁhﬁ*dr@tﬁp*eﬂefs&

e4d), the RAMP

he-can accurately reconstruct the

timings of most glacial terminations. This demonstrates the robustness of the applied model tuning and the overall robustness
of the RAMP model in accurately reconstructing glacial cycles without having any prior knowledge about them.

Finally, we alter the simulation period to verify the robustness of the glacial patterns and whether the identified ramp period
changes. When we tune the RAMP model WWMW%MM%WWWM&ME

detrended Prob-stack and compare it with the re
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665

670

675

680

685

690

evidenee-infavour-of-the RAMP-Tmodel-over-2.6 Myr tuned version of the RAMP model-

(Fig. ﬂa—Whﬁeﬂ%&eaﬂyeme&ﬂng\hgg@Nof the ramp stays-similarfor-the RAMP-Imodel-{t-=1978ka); the-endpeintis
shifted-by-over-occurs slightly later in the Quaternary (around 400 kyr(tr—=-454-ka)eompared-to-the RAMP-model-Therefore;
the-total-durationka instead of 500 ka). The onset of the ramp is extended—The-deglaciation-parametervy{t)-inereasesfrom-an

reselved—reduced simulation period. However, the optimal value for the onset (¢ = 1936 kyr) lies very close to this upper
bound, indicating that ¢; might exceed this upper bound, as it does for the 2.6 Myr run.

projeets—three-intermediate-strong-glacials;-We repeat the same experiment, but for an extended simulation period of 3 Myr
Fig. 4f). Over the past 2.6 Myr, both curves align almost perfectly. Without an upper bound of 2 Ma for ¢4, as in the previous
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695 thene O-kyr—Both-eyeles-exhibitmajorglaciations-of ~1H0-m-and-haveglacial perieds-ofaround

started15-ka-and-would-continue-for-thenext-model tuning finds a very similar pattern for the temporal shape of the ramp for

700

705

Ta-the-model-Myr run. The 3 Myr run results in an onset of the ramp at around 2.3 Ma (previously 2.2 Ma) and an end at
710 around 300 ka (previously 500 ka). Hence, altering the simulation period for the RAMP model does not largely affect the
simulated glacial patterns, and the € i i i i i e i

715

vrlong-lasting trend obtained for the ramp is a robust
720
725
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4.1 Ramp-like change for GMSL and benthic 6180 targets

Conceptual models like the RAMP model cannot shed light on the underlying physical mechanisms directly (red-shaded

in-the-early Quaternary—te.g. whether a long-term trend in vy is due to regolith removal or a gradual CO, decrease, etc.),
since they do not include the involved physical or chemical processes directly. However, their strength lies in their capability
to investigate the underlying temporal structure of such a change. The advantage of the new ramp formulation is that the
RAMP model incorporates multiple scenarios for the temporal change in the deglaciation parameter, particularly all those
discussed in Legrain et al. (2023) (ORB, ABR, GARD). By tuning the model to a paleoclimatic target curve, it selects the
most appropriate temporal structure for vy (£). For three out of the four targets used in this study (both GMSL, curves and the

detrended Prob-stack), the RAMP model shows a similar pattern, namely a long-lasting increasing trend in v (%), which started

between 2.2 and 2.6 M

ti-aceordingte-500 ka. Hence, for these targets, the

ends-in-a-termination-due-to-the- RAMP is not in favour of an abrupt change, a rather short and limited change (e.g. which onl

lasted during the MPT) or no change in vo(%), which would correspond to a purely orbitally driven climate; These findings
agree with the results of the L.23 models, where the authors identified a gradual trend over the entire 2 Myr-long simulation
period to be more likely than an abrupt one or a purely orbital one. The strength of the RAMP model is that it gives information
about a potential start and end of such a gradual change. The L23 GRAD model was only run for the past 2 Ma, therefore, it
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760 does not allow earlier changes in voeondition{three-exeeptions-where-, but the RAMP model reveals that the change in v, and
vr-conditions—are-stmultaneouslyfulfilled)—Henee;likely started even before 2 Ma. An alternative approach is presented in
Ganopolski (2024), where the author prescribes the change in the glactal-terminations-are-timed-by-erossing some-eritical-iee

765

770

775 4.2 Sensitivity-of large-ice sheets-to-precession-in-the RAMP-l-meodel

780 parameter v, (similar to our vg) with a hyperbolic tangent, which closely resembles the temporal evolution of the regolith-free

area as described in Willeit et al. (2019). This shows that the regolith-free scenario can reproduce the MPT, but since it relies

on a single prescribed temporal structure for this change in v,., it gives no information on how likely such a temporal structure
is,

To-investigate-the-sensitivity-of fargeice-sheetste-The RAMP model challenges the possibility that orbital forcing alone could
785 explain the MPT. Despite the flexibility of using different linear combinations of precession and obliquity ritis-cenvenient-te

even when including co-precessionterms

I pr(t) = [kpsi + lsiv(t)] Esi(t) + [Freo + leov(t)] Beo(t)

I.ob(t) = [ko + lov(t)] Ob(t)

790 I1(t) = I pr () + I.ob(1)
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800
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820

For-thelast900-kar-), tuning the RAMP model did not result in a scenario where v (%) remained constant, but always increased
over the Quaternary, i.e. implying that an internal change in the Wge%ﬁa%&mefe%#ea%eeessre&%eadﬁﬂarge&amphﬂ&des—m

terminations—for-thetast+-7Ma-is-system is required to reconstruct the MPT. In contrast, there are recent studies linking the

occurrence of the +

MPT to orbital forcin

alone. Ma et al. (2024) introduce the integral of annual mean insolation anomaly (IAMIA), which guantifies successive small

step-wise insolation changes over a given period of time. The authors show that IAMIA exhibits a large shift around 935 ka
which they hypothesise to have enabled the onset of the MPT. Another recent preprint by Verbitsky and Omta (2025) discusses
the idea that the MPT is due to a delayed relaxation process, which can lead to an abrupt-like jump in the dominant period.
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This shift in periodicity can be highly sensitive to the initial conditions, and the 41-Jcyrsignal-intensifies-in-the-late Pleistoeene;
825 almestmatching-the-power-of-the 100-deyr—stenal-

830

835

840

inerease-towards—120-kyr-thereafterAlthough our model yields a contrasting view, we cannot exclude the possibility that a
different orbital parameterization, e.g. IAMIA, could recreate the MPT.

845 the-GRAD-medelis-infavour-of-While the RAMP model supports a long-lasting gradual trend in the elimate-Earth-climate
system, its underlying physical mechanism cannot be directly inferred but just hypothesized since the conceptual modelling
approach lacks the physical representation of these mechanisms. Whether a gradual erosion of regolith (Clark and Pollard,
1998; Clark et al., 2006), a gradual decrease in atmospheric CO, (Berends-et-al5-20621b;-2)(Berends et al., 2021b; Scherrenberg et al., 2025
, some sea-ice feedback mechanism, a mixture of these (Willeit et al., 2019) or something else, is the underlying mechanism

850 behind this trend, requires a more physics-based model which can explicitly resolve these mechanisms.

The hypothesis of a long-term decrease of atmospheric CO, concentrations as the cause of the MPT remains difficult to
verify since the continuous direct CO, records from Antarctic ice cores are currently limited to the past ~ 800 ka (Willeit et al.,
2019; Bereiter et al., 2015) and beyond that, the discontinuous ice core samples from the Allan Hills Blue Ice area provide
only three-snapshots of direct CO, estimates attached-to-a-targe-uneertainty(Yan-et-al;2649)of the last 3 Ma, attached larger

855 uncertainties (Peterson et al., 2024; Yan et al., 2019). CO, estimates over the pre-MPT and the MPT worlds can be obtained
using indirect proxies inferred from terrestrial and marine archives. For instaneeexample, CO, reconstructions are based on
5gee&fbeﬁafe%13g from leaf-wax (Yamamoto et al., 2022), from paleosols (Da et al., 2019), or 6£B—befeﬁbaseekblgrvovrl
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865

870

875

880

885

890

isotope-based reconstructions (Chalk et al., 2017; Honisch et al., 2009). Based on the latter, there seems-appears to be a
decrease in minimal CO, concentrations during glacial maxima aeross-throughout the MPT. However, looking into a recent
synthesis compiling all proxy-based paleo CO, data (CenCO,PIP Consortium, 2023), alternative CO, reconstructions suggest

different trends. Hence, there is no clear answer yet regarding the long-term evolution of the atmospheric CO, concentration

across the Pleistocene.

However, this knowledge gap is anticipated to be addressed in the future through ongoing efforts to retrieve a continuous
ice core record extending beyond one million years, as pursued, for instance, by the European Beyond EPICA-Oldest Ice Core
roject and the Australian Million Year Ice Core project.

As Verbitsky and Crucifix (2023) point out, while some phenomenological models can very accurately recreate observational

time series (i.e. paleo records), it does not necessarily reflect their physical similarity to Naturenature. Hence, it is crucial to

investigate whether such a ramp-like foreing-in-ourRAMP-medel-can-be-scenario in the model is justified by paleo records or
more sophisticated modelling studies. A review-study-by-MeClymontetal(2043)-investigated-the-imprint-of the MPT-onth

synthesis of globally distributed
sea surface temperature (SST) records by Clark et al. (2024) found that two long-term cooling stages occurred during the
last 4.5 Ma. The first started around 4 Ma, which was followed by a second period of intensified cooling between 1.5 Ma
Lisieeki- 2014).
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Ma and around 0.8 Ma. Thereafter, temperatures stabilised for the late Pleistocene. A statistical model by Tzedakis et al.

(2017) relates glacial terminations with a required energy threshold and shows that this deglaciation threshold had to rise
over the Pleistocene. They found that the increase is ramp-like with a linear trend lasting from 1.55 Ma until 0.61 Ma. The
conceptual model by Ganopolski (2024) can also recreate the MPT by changing its critical ice volume parameter ramp-like
rather than linear. However, it uses a smoother transition function, namely a hyperbolic tangent centered around 1050 ka with
a transition time of 250 kyr. The asymptotic behavier-behaviour of the hyperbolic tangent leads to quasi-constant parameter
values prior to 1.55 Ma (twice the transition time) and after 0.55 Ma. The author stresses the similarity with the modelled
regolith mask in Willeit et al. (2019), connecting the ramp-like structure with the erosion of the Northern Hemisphere regolith.
The optimal volcanic CO, outgasing-outgassing scenario (V2) found in Willeit et al. (2019) resembles a ramp-like structure
for the past 2.6 Ma with a decreasing trend of volcanic COZ e&tgamgqg%mﬂ)etween around 2.1 Ma and 0.9 Ma.

In summary, th

studies-presented-above;-certain proxy records and modelling studies support the concept of a ramp-like internal fereing—The
modelled-endpoint-change, Reaching a constant value for vo(t) in the RAMP model¢0-6-0-9-Ma)-, after a long increasing.
trend, aligns with findings from SST records (~0.8 Ma, MeClymeontetal+(2643))-abruptclimatic-transitions-visible-in-certain
records{(~0-9-Ma;Elderfield-et-al(2012);-Yehudatet-al(2021H)Clark et al. (2024)), a statistical model of energy thresholds
(~0.6 Ma, Tzedakis et al. (2017)) and with a modelled volcanic CO, outgasing scenario (~ 0.9 Ma, Willeit et al. (2019))-
In-eontrastthe—early-onset-of-thegradualtrend-in-, where stable conditions were reached in the late Quaternary, although
closely resembles the temporal structure in the RAMP model (for Berends GMSL and detrended Prob-stack) with an early onset

around

2.1 Ma, On the other hand, the first cooling trend in SSTs—was-identified-around—1-8-MatMeClymontetal;2013);-while-a
major-transition-in-the-Atlantic-overturning -was-detected-around—+6—global SST records appears earlier (4 Ma), and the
intensified cooling trend around 1.5 Ma (kisieeki; 204+4)appears later than the one in the RAMP model. Moreover, the ramp-
like energy threshold in Tzedakis et al. (2017) also suggests a later start around 1.55 Ma. Theam%e&me@@z—et&gaﬁﬂgeeeﬂaﬁe
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4.1 Seawater §'°0q,

Besides the detrended benthic 0°°0 Prob:stack, its deconvolution into _seawater 9'%Q, is included in the RAMP model

as a new target. This recent deconvolution by Clark et al. (2025), based on an ocean temperature data compilation, gives
a contrasting view compared to the Berends and Rohling deconvolutions. It exhibits a decline in 680, during the MPT.

with certain of these glacial maxima comparable in strength to the ones occurring in the late Quaternary. This contrastin
view led 10 a failure of the RAMP model justed it to-test i an-+ i ihold’s foreing

underlying-climate-system-over-the-ecourse-ofthe-Quaternary—in accurately matching the target curve and in reconstructing the
MPT. The RAMP formulation seems to be less suited for this target, as apparent from the selected ramp period (400 - 200 ka).

However, a final reconstruction of this §*80.,, record into a GMSL curve is not yet available.

4.2 Next glacial cycle

While neglected in many conceptual models, extrapolating the next glacial cycle can be an important tool of model evaluation,
since this represents the only time interval in which a model cannot be tuned or fitted onto some existing paleoclimatic target
curye. Since the extrapolated curves lack anthropogenic CO emissions, they must be interpreted as baseline experiments of
mmmmmmmm pieture

carbon cycle, project, even without any anthropogenic
influence, an unprecedentedly long Holocene, lasting for another 50 kyr (Ganopolski et al., 2016; Talento and Ganopolski, 2021)
-In contrast, the RAMP model projects for all four tuning targets that the next glacial cycle has already started 6 - 10 ka and
will last until around 64 kyr in the future. In their recent study, investigating the influence of precession and obliquity on glacial
&WM&M&M&WIIW

33



960

965

970

975

980

985

990

when obliquity reaches its next minimum and the succeeding glacial would be interrupted in around 66 kyr (again neglectin

anthropogenic effects). Other conceptual models similarly predict a contrasting view for the next glaciation: Calder (1974)

.2

Fig. 7) and Figure S in Paillard (2015) reveals that only a large enough glaciation threshold can lead to a prolonged Holocene
lacial cycle, it can be expected that they would yield similar results as the RAMP model (i.e. a short Holocene), since the
are based on similar model dynamics. Therefore, the RAMP characteristic of simulating a prolonged Holocene is a striking
feature which is also present in other conceptual models or studies. The discrepancy with the more sophisticated models might

which only depends on orbital forcing or parameters.

rojected a start 5 ka and an end in around 119 kyr (see his Fi Imbrie and Imbrie (1980) estimated a start 6 ka (see their

4.3 Role of precession and obliquit

While we cannot directly investigate the physical effects of precession and obliquity in the climate system with the RAMP
model, we can investigate their influence on the dynamics of the model. By using a linear combination of precession and
obliquity rather than a single insolation metric, we can explicitly see which roles these two orbital quantities play in the model.
For instance, this allows us to investigate the spectral power of the obtained orbital forcing in the RAMP model.

The evolution of the iee-volume-in-the RAMP-Fquantity v(t) in the RAMP model is driven by a linear combination of three

two orbital parameters: precession ;-co-preeession-and obliquity. Therefore, the orbital forcing in the model depends on the
tuned parameter values apg and aq. In comparison to other conceptual models, which rely on a specific insolation metric
for the orbital forcing (e.g. Ganopolski (2024); Paillard (1998); Leloup and Paillard (2022)), this allows for more flexibility in
the model and reduces subjective modelling choices. This-approach-A similar approach with three orbital parameters has
been successfully used in other models (Imbrie et al., 2011; Legrain et al., 2023). Choosing a specific insolation metric
does affect the quality of the reconstruction result due to variations in their spectral profiles (Leloup and Paillard, 2022).
For instance, the insolation at the-summer solstice at 65° N has a stronger precession signal than the one obtained from the

caloric

Furthermeresummer insolation at 65° N (as introduced by Milankovitch (1941)).

Moreover, since using a linear combination of erbital-parameters-canreproduce-mostprecession and obliquity can accuratel

reconstruct various insolation curves at different latitudes and seasons qmbrie-et-al;20Htoutre; 1993 the tuned parameters
witleonstruet(SI Sec. 4), the tuning process will select an optimal curve for the orbital forcing. This optimal forcing term-curve

can then be compared to real insolation curves. Forthe RAMP-Hn addition, available conceptual models use a variety of orbital
forcings, e.g. Model 3 (Ganopolski, 2024) uses the maximum summer insolation at 65° N, P98 relies on the same metric, but

with an artificial truncation function added, Tzedakis et al. (2017) use the caloric summer insolation at 65° N. Regarding this
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we found that the tuned para

285-orbital weights (s, a0) are almost the same for all four tuning targets and hence are the orbital forcings I(¢). For all

four targets, we find that the curve with the highest correlation (12 > 0.998) is the ISI above a threshold ranging from 339
995 to 347 Wm_QMMMMO N. Thifeufveﬁaﬁ—aﬁefy;s&eﬂgebhq&ﬁy%tgﬂal—mdiea&ﬁgfha%fef

These curves consist of a dominant

obliquity peak and substantial precessional signals. This contrasts with the widely used insolation curve at summer solstice at
65° N, which exhibits dominant precession signals and a reduced obliquity signal. However, it therefore better resembles the
recession-obliquity imprint of the caloric summer insolation curve.

1000 4.4 FuturepredietionsModel limitations

1005

ORB-moedel-The RAMP model depends on a specific threshold choice to switch between a glaciation and a deglaciation state.
Kohler and van de Wal (2020) challenge this binary view of interglacials and glacials.
absence of substantial NH land ice outside of Greenland, they found that the classification of interglacials, especially in the earl

uatern is ambiguous. This classification depends on the defined threshold and the choice of the underlying record. This
1010 perspective questions the ability of any threshold-based, all-other-modelslocated-the-start-of the Holocene between15-17ka

By classifying interglacials based on the

1015

all-prediet-the next-glactal-termination-in—105-to-two-state model to unambiguously classify interglacial states. Therefore,
1020  the identified glacial and deglacial states in our model should only be carefully considered in combination with the applied
thresholds, defined in Eq. 6,7, and for the used target record (benthic §1%0, sea-water 9'%0 or global ice volume).
Available global mean sea level data exhibit large uncertainties. Between 50 and 30 ka, geological and geochemical reconstructions
of GMSL vary up to 60 m and above (Farmer et al.. 2023). Model-based deconvolutions of global §2*0 into GMSL, like for the.

Berends et al. (2021) and Rohling et al. (2022) sea level reconstructions, exhibit similar large uncertainties. While the Berends
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curve shows an LGM lowstand of around 100 m, the Rohling curve gives around 108 ky#-whiehis-in-eloser agreement-with the
predietion-of ~110-kyr by Talento-and-Ganopelski(202Hm. Both values are well below observational-based reconstructions
of around 130 - 135 m for the LGM (Austermann et al., 2013; Lambeck et al., 2014; Yokoyama et al., 2000). Furthermore, the
Berends and Rohling reconstructions, although differing in their modelling approaches, both rely on the LR04 benthic 5'*0
stack, whose age model was orbitally tuned. Hence, the chosen reconstruction depends on the orbital tuning applied to the
LRO4 stack. Consequently, the simulated global ice volume in the RAMP model has to be interpreted in light of the large
uncertainties already present in the target data.

5 Conclusions and outlook

In this study, we constructed &ﬂﬂfﬂpfeveeka new conceptual model of Quafefﬂafyg}ebaheeﬁe}tmwme}udmgfmﬁdﬁfefeﬁf

%&eﬁuﬁema%%ﬁwweéﬁm&ﬁ%w#mede% the Quaternary global climate, the so-called RAMP model. It improves

the previous L.23 models of Legrain et al. (2023) by reducing the number of parameters in the model (2-4 less), reducin
the model-data mismatch (ARMSE > 1 m), including three new paleo records as target (Rohling GMSL, §'80,, which

medek—?heﬂpmna}%ﬂ%elaﬁeﬁﬁem&fer—%h& §'80,,,), increasing the numerical efficiency (speedup of ~30), refining the
tuning strategy, extrapolating the model is-for the

next glacial cycle and

implementing a more flexible ramp-like parameterization, which includes all former L23 temporal scenarios. The model is

projeet, particularly the appearance of interglacial double peaks around MIS 13 and MIS 7. The model tuning is very robust
and can yield consistently good results, even when large parts of the tuning targets are excluded. Reducing or extending the
simulation period does not largely affect the simulated glacial cycles, and the identified long-term change in the deglaciation
parameter is a very robust feature in the model.

The RAMP model yields consistent results for three tuning targets (Berends GMSL, §'%0y. 61%0y,). They all result in a

uaternary (2.6 - 2.2 Ma) and lasted until
250 - 500 ka, in order to reconstruct the MPT. The model fails in reconstructing the recent deconvolution of the Prob-stack into

1

580 which fundamentally differs from prior deconvolutions. The RAMP consistently projects a short Holocene, which
already ended a few kyr ago, followed by an intermediate strong glacial, lasting until around 64 kyr in the future. For all

long-lasting increasing trend in the deglaciation parameter, which started in the earl
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tuning targets, the RAMP model consistently selects a very similar orbital forcing curve, which is in close agreement with the
ISI above a threshold ranging from 339 to 347 W m™2, at latitudes between 51° and 53° N, which are all characterized by a
dominant obliguity peak and substantial precession signals.

At the moment, the i i RAMP model only relies on
precession and obliquity as an inputand-they-output-the-globat-iee-velume, and it reconstructs either GMSL or '°0O over the

Quaternary. Internal feedback mechanisms and forcings are conceptualized by aggregated model parameters. This limits the

physical interpretation-interpretability of potential mechanisms driving the climate evolution. Hence, it would be beneficial to
include other climatic variables in future work, e.g. CO,. This would allow te-moedel-us to reconstruct the past evolution of

other-climatic-vartables-them and improve the physical interpretability of the results-—Furthermoreit-would-make-the-models

already-presentin-the-datamodelled results. The early onset of the ramp-like change emphasizes the importance of intensifyin,
the work to obtain an even older continuous ice core record than the recently drilled at least ~ 1.2 Ma old ice from the European
Beyond EPICA-Oldest Ice Core project.

. The source code of the conceptual model and all the code and data to re-create the figures are publicly available on GitHub: https:
//github.com/felyx04/Conceptual-Model-Pollak-et-al-2025. The version corresponding to this submitted manuscript is available on Zenodo:
https://doi.org/10.5281/zenodo.15421084.
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