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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

41 kyr cycles are driven by changes in Earth’s obliquity, which largely affect the incoming solar insolation, no apparent change

in
:::
The

:::::::
absence

:::
of

:::
any

::::::::::
significant

::::::
change

::
in

:::
the

:
external orbital forcing during this period could explain the shift towards5

100 kyr cycles. Several theories have been put forward to explain this shift, including scenarios of both gradual and abrupt

changes in the internal climate systemthroughout the Pleistocene. In order to test which theory best matches the observations,

we have constructed a conceptual model capable of simulating changes in the global ice volume over the past 2.6 Ma and

accurately reconstructing the MPT and its associated change in amplitude and frequency. Four different forcing scenarios are

implemented, ranging from a purely orbitally driven model to
:::::::
suggests

:::
the

::::::::
existence

::
of

:::::
some

:::::::::::
fundamental

::::::
change

::::::
within

:::
the10

:::::::::::
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

:::::
δ18O

:::
and

::::::::
seawater

:::::::
δ18Osw.

:::
The

::::::
RAMP

::::::
model

::::::::::
incorporates

:
a ramp-like change in internal forcing. The model is in favour of a ramp-like forcing

scenario, where the gradual change in internal forcing is limited in time and started around 2 Ma
::
its

:::::::::::
deglaciation

::::::::
threshold

::
to15

:::::::::
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 imply that the climate system had already undergone major changes

in the early Pleistocene and support the idea of a long-term climatic shift as a cause of the MPT . For the best-performing

model , we included an ice volume dependency in the state thresholds, demonstrating that glacial terminations during the past
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900 ka are mainly driven by precession rather than obliquity.
:::
and

:::::
imply

::::
that

:::
the

::::::
climate

:::::
shift

:::::
began

:::::
early

::
in

:::
the

::::::::::
Quaternary.20

:::
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

::::
65°

::
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

:::::
δ18O

::::::
record,

::
it

::::
fails

::
in

::::::::::::
reconstructing

:
a
::::::
recent

::::::::::::
deconvolution

:::
into

::::::::
seawater

:::::::
δ18Osw,

:::::
which

::::::::::
significantly

::::::
differs

::::
from

:::
the

:::::
other

::::::
curves.

:::::::::
Moreover,

:::
we

:::::::
perform

::::::
various

:::::::::
sensitivity

::::
tests,

::
in

::::::
which

:::
the

::::::
RAMP25

:::::
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.

:

1

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. Glaciers and ice sheets expanded during glacial periods and retreated during30

interglacial 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 theory, the orbital variations of Earth’s eccentricity, obliquity

and precession lead to variations in the insolation during boreal summer, which is the dominating driver of glacial cycles

(Ganopolski, 2024). Earth’s obliquity varies on a cycle of approximately 41 kyr, while precession operates over a 19 kyr and35

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

::
the

::::::::::
dominating

:::::
driver

::
of

::::::
glacial

::::::
cycles

::::::::::::::::
(Ganopolski, 2024).

:

Two central problems arise from this theory: .
:
The first is known as the 100 kyr problem.

:
: The late Quaternary glacial

cycles (approximately the last 800 ka) were characterized by
:::::
follow 100 kyr cycles, closely following the eccentricity signal.40

They show a "sawtooth" pattern of long, roughly 90 kyr long glaciations, followed by short, roughly 10 kyr long deglaciations

(Raymo and Huybers, 2008). However, changes in insolation are mainly dominated by the obliquity and precession signal,

while the influence of eccentricity on the annual averaged global insolation is negligible (Imbrie et al., 2011; Barker et al., 2022)

. So why is there a 100 kyr signal in the glacial cyclicity? This underlines the more complex interplay between eccentricity and

climate and the possible existence of feedback mechanisms or other non-linearities, which are needed to explain this influence45

(Paillard, 2015; Imbrie et al., 2011).

:::::::
patterns,

::::::
despite

:::
the

::::::::::
eccentricity

::::::
having

::::
only

::
a

::::::::
negligible

::::::::
influence

:::
on

:::
the

:::::
global

:::::::::
insolation

::::::::
compared

::
to
:::
the

::::::::
obliquity

::::
and

::::::::
precession

:::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Raymo and Huybers, 2008; Imbrie et al., 2011; Barker et al., 2022)

:
. The second issue is related to the shift of low-

amplitude roughly
::
� 41 kyr cycles towards high-amplitude roughly

::
� 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 Transition50

(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 apparent change in orbital forcing,

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).55

Clark and Pollard (1998) proposed the so-called regolith hypothesis as a potential cause of the MPT. Before the onset of the

Northern Hemisphere glaciations, 2.6 Ma, the North American and Eurasian surface was covered by a thick layer of regolith

(10-50 m), which was formed due to exposure to weathering over the last 107� 108 years. The lower friction and deformability

of the regolith increased the basal flow velocity, leading to thinner and wider ice sheets, which spread further south during

the early Pleistocene. Hence, the enlarged ablation zones became more sensitive to insolation
:::::
Recent

::::::
studies

:::::::
suggest

::::
that

:::
the60

:::::::
duration

:::
and

::::::
timing

::
of
:::::::::::

deglaciation
:::
and

:::::::::
glaciation

::::::
events

::::
over

:::
the

::::
last

:::
900

:::
ka

::::
were

:::::::
largely

:::::::::::
deterministic

:::
and

::::::
driven

:::
by

:::
the

::::::
relative

:::::::
phasing

::
of

:::::::::
precession,

:::::::::
obliquity,

:::
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

::::
like65

:::::::
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

:::::::
obliquity, resulting in the observed obliquity-driven 41 kyr

world . The continuous glaciations gradually removed the regolith beneath, exposing the unweathered
::::
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

::::::::
candidate70

::::::::
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 a reduced

sensitivity to insolation. The increased
:::::::::
underneath,

::::::::
reducing

::::
basal

:::
ice

::::
flow

:::
and

:::::::::
increasing ice sheet stabilitywould have resulted75

in the observed late-Pleistocene�,
:::::::
leading

::
to

::
the

::::::::
observed 100 kyr glacial-interglacial periodicity (Clark et al., 2006; Berends et al., 2021b; Willeit et al., 2019)

.

Another commonly proposed hypothesis to explain the MPT concerns
:::::::::
periodicity

::::::::::::::::::::::::::::::::::::::::::::::::::::
(Clark and Pollard, 1998; Clark et al., 2006; Willeit et al., 2019)

:
.
:::::::::::
Alternatively,

:
a gradual cooling trenddue to a continuous long-term decrease of ,

:::::::::
associated

::::
with

::
a
:::::::
decrease

::
in
:
atmospheric

CO2 concentrations throughout the Quaternary(Berends et al., 2021b; Willeit et al., 2019; ?)
:
,
::::
may

::::
have

::::::::
triggered

::::
the

:::::
MPT80

:::::::::::::::::::::
(Scherrenberg et al., 2025). Based on such a long-term cooling trend, various feedback mechanisms , like ice sheet feedback

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 scenario
:::::::
concerns

:::
the

::::::::
temporal

:::::::
structure

::
of

::::
the

::::::
change

:::
that

::::::
might

::::
have triggered the MPT. While a gradual change

:::::::
scenario involves a linear change of a climatic parameter over the entire85

Quaternary , an abrupt scenario refers to
::::
(like

:::
the

::::
CO2 ::::::::::

hypothesis),
:
a
:::::
more

::::::
abrupt

:::::::
scenario

:::::::
involves

:
the crossing of a climatic

threshold, which leads to a new, irreversible climate state. A scenario leading to such an abrupt transition is considered to have
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lastedonly a limited time andnot over theentireQuaternary(Legrain et al., 2023). While theCO2 hypothesisis anexample

of a gradualtheory,one
::::
some

:::::::::
irreversible

:::::::
climatic

:::::::::
thresholds

::::
over

::
a

::::
short

::::::
period

::
of

::::
time

:::::::::::::::::
(Legrain et al., 2023)

:
.
::::
One proposed

abrupt mechanismthat could havecontributedto the MPT is basedon
:::::::
involves non-linear feedback effectsbetweenthe ice90

sheetsandtheglobalclimate.In particular,it hasbeenproposedthat
::::
from

:
the merging of the North American Laurentide and

Cordilleran ice sheetsposeda strongfeedbackon the glacial cycles(Berends et al., 2021b; Bintanja and van de Wal, 2008;

Gregoire et al., 2012).A long-termcooling trend is suggestedto haveallowed the North Americanice sheetsto crossthe

thresholdof around45 m sl (metersealevel equivalent),neededto mergethe LaurentideandCordilleranice sheetsfor the

�rst time around1 Ma (Bintanja and van de Wal, 2008; Berends et al., 2021b). While their mergingwould haveled to further95

ice volumeincreasewithout any changein the solarforcing (Berends et al., 2021b), the increasedice volumewould exhibit

instabilitiesonceexceeding 70 m sl, leadingto rapid deglaciationstriggeredby the next insolationpeak,resultingin the

observed100kyr cyclesof thepost-MPTworld (Bintanja and van de Wal, 2008; Gregoire et al., 2012).

Climate modelsof varyingcomplexitypresent a versatile tool for investigating these different hypotheses.Ononeendof the

model hierarchyare
::::
They

::::::
range

::::
from

::::::::::::::
computationally

:::::::::
expensive

:
Earth System Modelsthat try to include the underlying100

physicsand couple different compartmentsof the climate system,for example,the cryospherewith the carboncycle to

accountfor different feedbackmechanisms.Their more realistic representationof the climatesystemcomesat the costof

highcomputationaldemand.This is aparticularobstaclefor thelongsimulationperiodsthatarerequired(O(Myr)), aswell as

for runninglargeensemblesof simulations,neededfor parametertuning,sensitivityexperiments,or investigationof various

parameterizations.Ontheotherendof themodelhierarchyareso-calledconceptualmodelsthatare
:
to

:
simple, zero-dimensional105

(spatial dimensions)representationsof the climatesystem.The basicideaof thesetypesof modelsis to reducethe model

complexityby 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).Verbitsky and Cruci�x (2023)point out that a mathematicalmodelmustbe simpleenoughto physicallyinterpretthe

simulationresults.Dueto thereducednumberof modelparameters,it becomeseasierto interpretthe in�uence of individual110

parametersor parameterizationson thesimulationoutcomesthroughtheir straightforwardremovalor inclusion.Furthermore,

their reducednumberof parametersmakesthe necessarytuning processmore manageableand allows for long simulation

periods(O(Myr)). Hence,conceptualmodelsserveasa crucial tool to investigatetheMPT andglacial-interglacialvariability

acrosstheQuaternary.

Various conceptual models have been developed over the last decades, varying in their underlying assumptions and hypotheses.115

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�c 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 equilibria120

(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

4



state. Transitions between model states depend on the ice volume and the insolation. To account for a change in forcing due to

decreasing atmospheric CO2 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 in125

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 now
::::::::
(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 �xed insolation curve. A similar approach was used in the model of Imbrie et al. (2011).130

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 al. (2023)
:::
The

::::
three

::::::
model

:::::::
versions

::
by

::::::::::::::::::
Legrain et al. (2023)

::::::::
(hereafter

::::::
referred

::
to

:::
as

::::
L23

:::::::
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 addedan internalforcing
::::::
internal

:::::::::
variations

to the model in the form of a varying deglaciation threshold. They found that a gradual increase of this deglaciation threshold135

is more likely to reproduce the MPT than an abrupt change. Based on this �nding, they suggested that a gradual decline in

atmospheric CO2 concentrations over the Pleistocene may have increased the deglaciation threshold, potentially causing the

MPT.

Gildor and Tziperman (2001)usedan idealizedmodel to studythe in�uence of different seaice feedbackmechanismsto

explain the 100 kyr cycles.They suggestedthat the largeextentof seaice during late glacial periodswould havereduced140

atmospherictemperatures,humidity, and evaporation.Thus, the availableprecipitationwould have decreased,leading to

negativemassbalancesandquick terminations.Theirmodellinks the100kyr cyclesfully to thisseaiceswitch,in theabsence

of any externalforcing. However,their modelfails to reproducesomekey climatic featuresbecauseof its high idealization,

hencemissingfeedbackmechanismsotherthanthoserelatedto seaicechanges.

Imbrie et al. (2011) proposed a phase-space model that again combines ice volume and orbital forcing as a deglaciation145

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 �18O

curve rather than an ice volume reconstruction, thereby precluding the assessment of whether their model accurately reconstructs

the change in amplitude over the MPT.150

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 increaseof
::
in

the critical ice volume is added to model the MPT. The author associates this with the gradual removal of terrestrial sediments155

in the Northern Hemisphere, which is needed to prolong the late-Pleistocene glacials.
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Dueto theirhighercomplexity,it is moredif�cult to identify themainmechanismsdriving theglacial-interglacialvariability

for morecomprehensiveclimatemodels,which explicitly resolvevariousphysicalprocessesto improvethemodelaccuracy.

In contrast,thestrengthof conceptualmodelsis theirsimpleconceptualframework,whichallowsfor straightforwardisolation

of the key mechanisms,but therefore,they often lack a profoundphysicalbasisor dependon mathematicalthresholds.In160

recentwork, Pérez-Montero et al. (2024)presenteda moresophisticatedconceptualmodel to bridge thesetwo approaches.

Their modelaimsto simulatetheinteractionsbetweentheclimateandtheNorthernHemisphereice sheets,despitea reduced

spatialdimensionalityin thefundamentalequations.Theyobtaingoodresultsfor variouspaleoclimaticrecords.However,they

only focusedon thelast800ka.

Someof the above-mentionedconceptualmodelsare limited by short simulationperiods,which do not cover the MPT165

(Parrenin and Paillard, 2003; Pérez-Montero et al., 2024)or theyrelyonasingleinsolationmetricfor theorbitalforcing(Ganopolski, 2024; Leloup and Paillard, 2022; Parrenin and Paillard, 2003; Paillard, 1998)

. In this study, weusethewell-suitedconceptualmodellingapproachto investigatetheclimatic variationsof theQuaternary.

Our objectiveis to developa versatileconceptualmodel that can be easily appliedto different forcing scenariosand can

be run on different simulationperiods,covering the entire MPT. Moreover,we reducemodel biasesby not relying on a

singleinsolationmetric,but ratherusea linearcombinationof differentorbital parameters
:::::::
improve

:::
the

::::::
2-state

::::
L23

:::::::::
conceptual170

::::::
models. To account for potential feedback mechanisms in the climate system, weimplementvariousinternalforcingscenarios

in the model, rangingfrom a purely orbital model to a
::
or

:::::::
internal

:::::::
changes

::
in

:::
the

:::::::
system,

:::
we

::::::::::
implement

:
a

::::
new

:
ramp-like

changein internalforcing
:::::::
scenario,

:::::
called

:::
the

:::::::
RAMP

:::::
model. Here, the focusis

:::
lies on the general temporal structure of such

a potentialfeedbackmechanism,which allows
::::::
change,

:::::::
allowing

:
for its physical interpretation.Our modelis a continuationof

the2-stateLegrain (2023)modelandsimulatesthechangein global ice volume.Themodulardesignof our modelfacilitates175

easyadaptationto a wide rangeof researchquestions.We demonstratethis �exibility by modifying themodelto investigate

thesensitivityof largeice sheetsto changesin orbital parametersduringthelatePleistocene.Furthermore,we extrapolatethe

model to projectglacial-interglacialvariability over the next 250 kyr
::::
The

::::::
RAMP

::::::
model

:::::
covers

:::
all

:::::
three

::::::::
temporal

::::::::
scenarios

::::::::
discussed

::
in

:::
the

::::
L23

::::::
models

::::
and

:
is

::::::::::::
characterized

::
by

:::
its

::::
easy

:::::::::::
adjustability.

::
In

::::::::::
comparison

::::
with

:::
the

::::
L23

:::::::
models,

::
it

:::
can

::
be

::::
run

::
on

:::::::
different

:::::
time

:::::
scales,

:::
be

::::::::::
extrapolated

::::
into

:::
the

::::::
future,

::
be

::::
run

::
on

::::::::
different

:::::
tuning

::::::
targets

::::
and

:::
for

:::::::
different

:::::::
climatic

::::::::
variables180

::::::
(global

:::::
mean

:::
sea

:::::
level,

::::::
� 18O),

::::
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 modelusedin this study is

:::
The

::::
new

::::::
RAMP

::::::
model

:::::::
presents

:
an improved version of theconceptualmodeldevelopedby Legrain et al. (2023), which is185

basedon thework by Parrenin and Paillard (2012). Themodelis externallyforcedby obliquity andprecession
:::
L23

:::::::
models.

::
In

::
the

:::::::::
following,

:::
the

::::::
model

::::::::::
formulation

::
is

::::::::
described.

:::
A

::::::
detailed

::::::::::
description

::
of

:::
the

:::::::
changes

:::::::::
compared

::
to

:::
the

::::
L23

::::::
models

:::
can

:::
be

:::::
found

::
in

:::
the

::::::::::::
Supplementary

::::::::::
Information

:::
(SI

::::
Sec.

:::
1).
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:::::
While

:::
the

::::
L23

:::::::
models

::::
were

:::::
used

:
to simulate the global ice volumev(t) in metersea-levelequivalent(m sl) over the

Pleistocene.As input, it uses
::
and

:::::
relied

:::
on

:::
the

:::
sea

::::
level

::::::::::::
reconstruction

:::
by

::::::::::::::::::
Berends et al. (2021a)

::
as

:
a
::::::
tuning

::::::
target,

:::
the

::::::
RAMP190

:::::
model

::::
can

::
be

:::::::
applied

::
to

:::::::
various

::::::
targets,

:::::::::
including

::::::
benthic

:::::::::::
foraminifera

::::
and

:::::::
seawater

::::::
� 18O.

:::::::
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.

:

:::
The

::::::
RAMP

::::::
model

:::
uses

::::::
orbital

::::::
forcing

::
as

::
an

:::::
input

::
to

:::::::::
reconstruct

:
a
::::::::::::
paleoclimatic

::::
curve

::::
over

:::
the

::::::::::
Quaternary.

::::::::::::::::::::::
Leloup and Paillard (2022)195

::::::
showed

:::
that

:::
the

::::::
model

:::::::
outcome

:::::::
depends

::
on

:::
the

::::::
chosen

:::::::::
insolation

::::::
forcing

::::
(e.g.

:::::::
summer

::::::
solstice

::
or

::::::
caloric

::::::
season

::
at

:::
65°

:::
N).

::::
This

::::
poses

::
a

:::
bias

::
to

:::
the

:::::
model

:::
by

:::::::
selecting

::
a

::::::
speci�c

::::::::
insolation

::::::
metric.

:::::
Some

::::::
earlier

::::::
models

::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Imbrie et al., 2011; Parrenin and Paillard, 2012; Legrain et al., 2023)

:::
use

::::::
instead a linear combination ofthreeorbital parametersnormalizedto zeromeanandunit variancethatcanreproducethe

:::::::::
precession,

:::::::::::
co-precession

::::
and

::::::::
obliquity,

:::::
which

:::
can

::::::::
represent insolation at most latitudes and seasons(Loutre, 1993; Imbrie et al., 2011)

::::::::::::::::
(Imbrie et al., 2011)

:
.

::
In

:::
the

::::::
RAMP

::::::
model,

:::
we

::::
only

:::
use

:
a
::::::
linear

::::::::::
combination

::
of

:::::::::
precession

::::
and

::::::::
obliquity.

:::
We

:::::
show

:::
that

::::
such

::
a200

:::::
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(!);Eco: Phase-shifted precession � ecos(!): Precession parameter � esin(!)
:::::::::::::::::::::::::::

; (1)

Ob: Obliquity � �; (2)

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

::::::
Hence,

:::
the

:::::
orbital

:::::::
forcing

:::
I(t)

::
(m kyr �1 )

::
in

:::
the

::::::
model

::
is

::::::
de�ned

:::
as:

I(t) = � Esi Esi(t) + � O Ob(t);
::::::::::::::::::::::::

(3)

::::
with

::
the

::::::::
constant

::::::
weights

::::
� Esi::::and

:::
� O :

(m kyr �1
:
).

:

The model has two different states, the glaciation state (g) and the deglaciation state (d). Therefore, theicevolumeevolution

:::::::::::
paleoclimatic

:::::::
quantity v(t),

:::::
given

::
in

:::::
meter

:::
sea

::::
level

:::::::::
equivalent

:::
(m

:::
sl), is driven by twolinear

::::::::
�rst-order differential equations,210

depending on the current model state:

g :
dv(t)

dt
= =�I � (t) + � g = � I � (t) + � g; (4)

d :
dv(t)

dt
= =�I � (t) + � d �

v(t)
� d (t)

= � I � (t)+� d �
v(t)
� d (t)

v(t)
� d:::

; (5)

where� Esi , � Eco , � O , � g and� d areconstantmodelparametersin
::
� g:: (m kyr �1 . � d (t) is therelaxationtime in )

::
is

::
a

:::::::
constant

:::::
model

::::::::
parameter

::::::::::
controlling

::
the

::::::
glacial

::::
rate

::
of

:::::::
advance

:::
and

::
� d :

(kyr
:
)

:
is

:::
the

:::::::
constant

:::::::::
relaxation

::::
time,

:::::
which

:::::::
controls

:::
the

::::::::
deglacial215

:::
rate

::
of

::::::
retreat.

A state change from a glaciation to a deglaciation (g) ! (d) occurs when a combination of the currentice volume
:::::::
quantity

:::
v(t)

:
and the orbital forcing exceeds a critical threshold. Hence,a terminationcanbe triggeredfor moderateorbital valuesif
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theicevolumeis large,or viceversawhenthecurrenticevolumeis moderate,but theorbital forcing is large:

(i) v(t) + (k Esi Esi(t) + k Eco Eco(t) + k O Ob(t))
| {z }

=I k (t)

= v(t) + I k (t) > v 0(t);

(ii) k Esi Esi(t) + k Eco Eco(t) + k O Ob(t)
| {z }

=I k (t)

= I k (t) � v 1;220

:
:

(i) v(t) � ~I(t) + v(t) > v 0(t) & (ii) v(t) � ~I(t) > v 1:
::::::::::::::::::::::::::::::::::::::::::::::::::::::

(6)

wherekEsi , kEco andkO areconstantmodelparametersin . While v0(t) is thedeglaciationparameterin andcanvary in time

dependingon thespeci�c modelcon�guration,v1 is anothermodelthresholdin but constantin time.

Conversely
::::
Vice

::::
versa, a transition from a deglaciation state to a glaciation state (d) ! (g) occurs when:225

(i) kEsi Esi(t) + k Eco Eco(t) + k O Ob(t)
| {z }

=I k (t)

= I k (t) < v 1;

(ii) v(t) + (k Esi Esi(t) + k Eco Eco(t) + k O Ob(t))
| {z }

=I k (t)

= v(t) + I k (t) � v 0(t):

(i) v(t) � ~I(t) + v(t) < v 0(t) & (ii) v(t) � ~I(t) < v 1:
::::::::::::::::::::::::::::::::::::::::::::::::::::::

(7)

In additionto the externalforcing describedby the orbital parameters,the modelcanalsoincorporatean internalforcing

mechanismtoaccountfor non-linearfeedbackmechanismswithin theclimatesystem.Themodelhasfourdifferentcon�gurations:230

(i) ORB: The orbital model is purely orbitally driven and the deglaciationparameterv0(t) = v 0 and the relaxationtime

� d(t) = � d are
::
To

:::::::
account

:::
for

:::
the

::::::
correct

:::::
units,

:::
the

::::::::
threshold

::::::::
equations

:::
use

:::
the

::::::::::::
dimensionless

::::::
orbital

::::::
forcing

::::::::::
~I(t) = I(t)

[I] .
::::
The

::::::::::::
time-dependent

:::::::::::
deglaciation

::::::::
parameter

::
is

:::::::
denoted

:::
as

::::
v0(t)

::
(m

::
),

:::
and

:::
v1 :

(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

:::::
drive235

::
the

:::::::::
dynamics

::
of

:::
the

::::::
model.

(ii) ABR: Theabruptmodelincludesanabruptchangeat tabr for thedeglaciationparameterandtherelaxationtime:

v0(t) =

8
<

:
v0

0; if t � t abr

v0; if t < t abr

� d(t) =

8
<

:
� 0

d; if t � t abr

� d; if t < t abr

with v0
0 andv0 beingconstantvaluesfor thedeglaciationparameterbeforeandaftertheabruptshift. And with � 0

d and� d being

constantvaluesfor therelaxationtimebeforeandaftertheabruptshift.240

(iii) GRAD: The gradualmodel includesa gradualchangeof
::
To

::::::::
simulate

:::
the

:::::
MPT,

::::
the

::::
L23

::::::
models

::::
(and

:::::
their

::::::
earlier

::::::::
precursor

::::::
models)

:::::::::
introduced

::
a

:::::::
temporal

::::::
change

::
in the deglaciation parameterandtherelaxationtimeoverthewholesimulation
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period:

v0(t) = v 0 � C v t

� d(t) = � d � C � t

wherev0 and� d areconstantsandde�ne the valuesat t = 0. Cv andC� describethe rateof change() of the deglaciation245

parameterandtherelaxationtime,respectively.

(iv) RAMP: Theramp-likemodelincludesa ramp-likechangeof thedeglaciationparameterandtherelaxationtime.Both

parameterschange
:::::
v0(t),

::
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 t1 and t2 . Beforeandafterthis period,

bothparametersareconstant:250

Timeevolutionof v0(t) and� d(t) for theRAMP model.

:::
(ka)

::::
and

::::
stays

:::::::
constant

::::::
before

:::
and

:::::
after:

v0(t) =

8
>><

>>:
� d(t) =

v0;1 ; if t > t 1

v0;1 + v0;2 �v 0;1

t 2 �t 1
(t � t 1) ; if t 1 � t � t 2

v0;2 ; if t 2 > t

(8)

with v0
0 and� 0

d theconstantvalues
::::
with

:::
v0;1::

(m
:
)

:::
the

:::::::
constant

:::::
value before the ramp and withv0 and� d theconstantvalues

:::
v0;2:

(m
:
)

:::
the

:::::::
constant

:::::
value

:
after the ramp.In the casethat t1 = t 2, the RAMP modelconvergestowardsthe ABR model.If255

t2 is setto thebeginningof thesimulationandt1 = 0, theRAMP modelconvergesto theGRAD model, with a linear trend

overthewholesimulationperiod. Dueto this formulation,the
:::
The

::::
time

:
t
::
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:

:

:
�

:
if

::::::::::
v0;1 = v 0;2 :

::
no

:::::::
change

::
in

::
the

:::::::::::
deglaciation

:::::::::
parameter.

::::::
RAMP

:
is

::::
only

:::::::::
externally

:::::
forced

:::
by

:::::::
changes

::
in

:::::
orbital

::::::::::
parameters

:::::::::
(equivalent

::
to

:::::
ORB

:::::
model

::
in

:::::
L23)260

:
�

:
if

:::::::
t1 = t 2:

::::::
abrupt

::::
jump

::
in

:::::
v0(t)

:::::::::
(equivalent

::
to

:::::
ABR

:::::
model

:::
in

::::
L23)

:
�

:
if

:::::::
t1 = 2:6

:
Ma

:::
and

::::::
t2 = 0 Ma

:
:

::::::
gradual

:::::
trend

::::
over

:::::
entire

:::::::::
simulation

:::::
period

::::::::::
(equivalent

::
to

::::::
GRAD

:::::
model

::
in

:::::
L23)

::::::::
Therefore,

::::
the

::::
new

::::::
RAMP

::::::
model

::
is

:::::
more

:::::::
�exible

::::
than

:::
any

:::
of

:::
the

::::
L23

:::::::
models,

::::
and

:::
for

:
a
::::::
linear

:::::
trend

::
in

:::
v0,

::
it

::::
also

:::::
gives

:::::::::
information

:::
on

:::::
when

::::
such

::
a

::::
trend

::::
has

::::::
started

:::
and

::::::
ended.

::::::
Tuning

:::
the

:
RAMP modelservesasa bridgebetweentheABR and

theGRAD modelandcanbeusedto verify whichscenariois morelikely. Furthermore,it allowsusto investigatetheduration265

andstartpoint of the linear trend.
::
to

::::
some

::::::::::::
paleoclimatic

:::::
target

:::::
curve

::::::
reveals

:::
the

::::::::
temporal

::::::::
evolution

::
in

:::::
v0(t),

:::::::
needed

::
to

::::
best

::::::::
reproduce

:::
this

::::::
curve.

2.2 RAMP-l model

Beyondthe standardRAMP model outlined above,we developa slightly modi�ed version.This versionintroducesthree

additionalparameters,referredto asthel-parameters,henceit is denotedastheRAMP-l model. Here,thetermI k in
::
In

:::::::
contrast270
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::
to

:::
the

::::
L23

::::::
models,

::::
the

:::::
newly

:::::::::
developed

::::::
RAMP

::::::
model

:::::::::::
demonstrates

:::::::
superior

:::::::::
numerical

:::::::::
ef�ciency,

::::::::
exhibiting

::
a

:::::::
speedup

:::
by

:
a

:::::
factor

:::
of

::::::::::::
approximately

:::
30,

::::
and

:
it
:::::::::::

incorporates
::
a

::::
more

:::::::::
advanced

:::::
tuning

:::::::
strategy

::::::
(more

::::::
details

::
in

:::
SI

::::
Sec.

:::
1).

:::
The

::::
gain

:::
in

::::::::
numerical

::::::::
ef�ciency

::
in

:::::::::::
combination

::::
with

:
a
:::::
more

::::::
re�ned

::::::
tuning

::::::
strategy

:::::::
allowed

::
us

::
to

::::
test

::::::
various

:::::::::::::::
parameterizations

::::::::
involving

:::::::::::
modi�cations

::
to

:::
the

::::::
model

:::::::
forcing,

:::
the

:::::::::::
evolutionary

:::::::::
equations,

::
or

:
the threshold equations (Eq. 6, 7)which is linked to the

orbital forcing is adaptedby theunitlessparameterslEsi , lEco andlO :275

~I k = [k Esi + l Esi v(t)]Esi(t) + [k Eco + l Eco v(t)]Eco(t) + [k O + l O v(t)]Ob(t)

= k Esi Esi(t) + k Eco Eco(t) + k O Ob(t)
| {z }

=I k (t)

+l Esi v(t)Esi(t) + l Eco v(t)Eco(t) + l O v(t)Ob(t)
| {z }

=I l (t)

= I k (t) + I l (t) :

This newparameterizationaddsto theI k termanotherterm,calledI l , which dependson theice volume.A largerice volume

leadsto a larger I l term. With the increasingglobal ice volume during the late Quaternary,this term is becomingmore

signi�cant thanit wasin the early Quaternary.The multiplication of the ice volumeandthe orbital parametersensuresthat

thesethreeadditionaltermsmainly affect the forcing at time pointsof largeice volumeandextremain therespectiveorbital280

parameter.Therefore,this parameterizationimplementsthesensitivityof largeicevolumesto changesin orbital parameters.

To investigatethe in�uence of thedifferentorbital forcing scenarios,we do not includethis modelfor
:
SI

::::
Tab.

::::
S4).

::::::
These

::::
tests

::::::
enabled

:::
us

::
to

:::::::::
investigate

:::
the

::::::::
in�uence

::
of

:::::::
various

:::::::::
parameters

::::
and

::
to

:::::::
identify

:::
less

:::::::::
important

::::
ones

:::
that

:::::
could

:::
be

::::::::
excluded

::::
from

:::
the

::::
�nal

::::::
model.

::::::
During

::::
this

:::::::
process,

::
we

:::::::::
identi�ed

::
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

:::
of285

:::::::::
parameters

::
in thecomparisonof thefour standardmodels(ORB,ABR, GRAD, RAMP), sincethesemodelsonly differ in their

internalforcing,which allowsisolatingthis effecton thesimulationoutcome.We only usetheRAMP-l modelto identify the

in�uence of the additionall-parametersandto seehow this affectsthe simulatedoutcomes
:::::
model compared to thestandard

RAMP model.Furthermore,we can investigatethe role of the threedifferent orbital parameterson large ice volumesand

testthehypothesisthat largeice volumesbecomemoresensitiveto precessionin the lateQuaternary,andthus,theseglacial290

terminationsare mainly determinedby precessionratherthan obliquity (Barker et al., 2025)
::::
L23

::::::
models

::::
(by

:
2

:::
to

:
4

:::::::
fewer),

::::
while

:::::::::::::
simultaneously

:::::::
covering

::
a

::::::
broader

:::::
range

:::
of

:::::::
temporal

::::::::
scenarios

::::
and

::::::::
improving

:::
the

:::::::::::
performance

::
of

:::
the

::::::
model.

2.2 Global icevolumereconstructions
:::::::
Tuning

::::::
targets

The different model con�gurations are all �tted to a global sealevel reconstructionby Berends et al. (2021a). Since the

simulated
:::
L23

:::::
model

::::::::::::
reconstructed

:::
the

:
global ice volumein the model is expressedin metersealevel equivalent(m sl) ,295

it canbedirectlycomparedto sealevel curves.An optimalsetof parametersis inferredby usingaMonteCarlomethodwhich

best�ts themodelto thetargetsealeveldata(seenextsection).
:::
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

:::::::::::
paleoclimatic

:::::::
records,

:::::
which

:::::
allow

::::::::::::
reconstructing

:::
not

::::
only

:::
the

:::::
global

:::
ice

:::::::
volume,

:::
but

:::
also

:::::::
benthic

:::::
� 18Ob :::

and
::::::::
seawater

:::::::
� 18Osw .

300
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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 �18O records (Berends et al., 2021a).

It uses the LR04 stack of benthic �18O asaforcing(Lisiecki and Raymo, 2005)andhasahightemporalresolutionof 100years.

Toavoidrelyingonasingledataset,wealso�t thedifferentmodelcon�gurationsto thesealevel
::::::
forcing

:::::::::::::::::::::::
(Lisiecki and Raymo, 2005)305

:
.

:::
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(Lisiecki and Raymo, 2005)benthic� 18O

signal(Rohling et al., 2022)
:::::
stack. Despite their different approaches to reconstructing theglobalsealevel

::::::
GMSL

:
signal from

the LR04 stack, both produce curves in strong agreement with each other, with a mean offset of 3.3 m (Rohling et al., 2022).310

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).

2.3 Parameter tuning

Dependingonthecon�guration,themodelhas12(ORB),14(GRAD),15(ABR), 16(RAMP),or19(RAMP-l) freeparameters.

WeapplyaMonteCarlomethodto �nd anoptimalsetof parametersfor eachcon�guration,similar to themethoddescribedby315

Legrain et al. (2023). Likewise,weusethePythonpackageemcee(Foreman-Mackey et al., 2013)which implementstheaf�ne

invariantensemblesamplerfor Markov chainMonteCarloalgorithms,introducedby Goodman and Weare (2010). Dueto an

increasein numericalef�ciency, we usea largernumberof walkers,varyingbetween100and500,to exploretheparameter

spacemorerigorously.Moreover,insteadof usingasimplestretchmove(Goodman and Weare, 2010)asLegrain et al. (2023)

havedone,we applya combinationof differentmovesfor theproposal.Thatis, a mixtureof 90%Differential Evolution(DE)320

movesand10%DE Snookermoves,assuggestedby Ter Braak and Vrugt (2008).

Furthermore,toverify convergenceandescapepossiblelocalminima,wealsousethePythonpackageptemcee(Vousden et al., 2016; Foreman-Mackey et al., 2013)

, whichimplementsparalleltemperingin theemceeframework.Here,weuse20differenttemperaturesfor thetuning. Another

samplerthat we implementedis dynesty(Speagle, 2020; Koposov et al., 2024)which is a dynamicnestedsamplingpackage

in Python.This modularapproachwith multiple differentsamplersallowsfor simpleswitchingbetweenthesamplersandthe325

mostsuitablesamplerfor eachnewparameterizationcanbeselectedto obtainthebestresults.

:
A

:::::
most

:::::
recent

:::::
work

::
by

::::::::::::::::
Clark et al. (2025)

::::::::::
deconvolved

:::
the

::::::::
Prob-stack

:::::::::::::::
(Ahn et al., 2017)

:
,

:
a

:::::
global

:::::
mean

::::::
benthic

::::::
� 18Ob :::::

stack,

:::
into

:::
its

:::::::
seawater

:::::::
� 18Osw ::::::::::

component,
:::::
based

:::
on

:::::
ocean

::::::::::
temperature

:::::
data. TheLog-Likelihood function for the optimizationis

de�ned as:

lnL = �
1
2

NX

i=1

�
ŷi � y i

�

� 2

;330

whereŷ is themodelledicevolume,y thetargeticevolumereconstructionand� its correspondingstandarddeviation.
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2.3 Evaluation of modelperformance

Theinitial conceptualmodelbasedon thework by (Legrain et al., 2023)is furtherre�ned to includeadjustmentsin its tuning,

its parameterization(e.g.time-dependent� d parameter,deprecatedtruncationfunction) , andthe additionof a fourth model

con�guration (RAMP). To evaluatetheeffectivenessof thesemodi�cations,we conductidenticalsimulationsasdescribedin335

Legrain et al. (2023). Hence,we run theORB, ABR, andGRAD modelsover thepast2 Ma. Theresultantroot meansquare

errors(RMSE) betweenthe simulatedglobal ice volumesand
:::::::::
Prob-stack

::::
was

::::::::
corrected

:::
for

::
a

::::::::
long-term

:::::::
increase

:::
in

::::::
� 18Ob,

:::::::
possibly

:::
due

::
to

::
a

::::::::
combined

:::::
effect

::
of

:::::::::
diagenesis

::::
and thereconstructionby Berends(Berends et al., 2021a)arecomparedwith

the originally reportedRMSEs(Legrain et al., 2023). Furthermore,we analyzethe RMSE of the new RAMP con�guration

relativeto thethreeoriginalmodelcon�gurations.340

To evaluatetheperformanceof thefour differentmodelcon�gurations,weusethecommonBayesianInformationCriterion

(BIC) (Mitsui and Cruci�x, 2017; Mitsui et al., 2022):

BIC = �2 lnL( �̂) + K lnN;

whereK is thenumberof freeparametersusedin themodel,N thenumberof datapointsandL( �̂) is thelikelihood function

of
::::::::
carbonate

:::
ion

::::::
effect.

::
To

:::::::
account

:::
for

:::::
other

::::::
targets

::::
than

::::::
GMSL,

:::
we

:::::::
include

:::
the

::::::
benthic

::::::
� 18Ob :::::::::

Prob-stack
:::::::::::::::
(Ahn et al., 2017)345

:
,

::
as

:::::::::
detrended

::
by

::::::::::::::::
Clark et al. (2025)

:::
and

:::
its

::::::::
seawater

:::::::::
component

:::::::
� 18Osw :::

as
:::
two

:::::::
further

::::::
tuning

::::::
targets

:::
for the bestmodel

parameterŝ�. The lower theBIC, thebetterit candescribetheobserveddatapoints(Mitsui et al., 2022). Parametersthatdo

notsigni�cantly improvemodelperformancearepenalizedin theBIC, suchthatmodelsthatperformequally,butwith a lower

numberof parametersarepreferred(Mitsui et al., 2022). Thedifferencein BIC valuesfor two modelsapproximatestheBayes

factor for largeN (Mitsui and Cruci�x, 2017). Hence,the evidencein favour of modeli againstmodelj is quanti�ed by the350

�BIC ij (Mitsui and Cruci�x, 2017):

�BIC ij = BIC j � BIC i :

As a generalrule of thumb(Raftery, 1995; Mitsui et al., 2022), theevidenceof modeli againstmodelj is consideredweakif

0 < �BIC ij < 2, positiveif 2 < �BIC ij < 6, strongif 6 < �BIC ij < 10andverystrongif �BIC ij > 10.
::::::
RAMP

::::::
model.

:

3 Results355

3.1 Model improvements

Table?? presentsacomparisonof theRMSEsfor the threedistinctmodelcon�gurations,asdetailedin Legrain et al. (2023),

againsttheresultsobtainedwith thenewmodelmodi�cations,i.e.thetime-dependent� d parameter,thedeprecatedtruncation

functionandtheenhancedtuningprocedure.Eachof theoriginal modelcon�gurations(ORB, ABR, GRAD)is improvedby

morethan2 m whenevaluatedover thepast2 Ma. It remainsevidentthat thegradualmodelcontinuesto exhibit the lowest360

RMSE,while theorbitalmodelexhibitsthelargest.Moreover,thenewly incorporatedRAMP modelfurtherreducestheRMSE

of thepreviouslysuperiorGRAD model(Legrain et al., 2023)by 2.3m
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3.1
:::::
RAMP

::::::
model

:::
for

:::::::::::
Quaternary

:::::::
climate

::::::
Tuning

:::
the

::::::
RAMP

::::::
model

::
to

:::
the

:::::::::
detrended

:::::::::
Prob-stack

::::::
results

::
in

::
a

::::
high

:::::::::
correlation

::::::::
between

::::
both

::::::
curves

::::::::::
(R = 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

::::::::::
reconstruct365

::
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

:::::
� 18Ob::::::

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,e).

::::
Both

::::::
curves

::::
have

::
a

:::::
strong

::::
�41

:::
kyr

::::::::
obliquity

:::::
signal

::::
over

:::
the

:::::
entire

::::::::::
Quaternary

:::
and

:::
an

::::::::
emerging370

:::::
�100

:::
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.

Improvedmodel(thisstudy)resultsfor 2 Myr simulationwrt originalmodelby Legrain et al. (2023). Model RMSE RMSE

Improvement (2 Myr simulation)(Legrain et al., 2023)(this study)Orbital (ORB) 18.116.02.1Abrupt (ABR) 14.412.02.4

Gradual(GRAD) 13.911.72.2Ramp-like(RAMP) NA 11.6m NA375

3.2 Comparisonof the different model con�gurations

Figure??showsthesimulatedglobalicevolumeoverthepast2.6Ma for thefour differentmodelcon�gurations.

(i) ORB model: TheORB modelcanidentify mostof the terminationsandendpointsof the interglacialsfairly accurately

::::::
Tuning

:::
the

::::::
RAMP

:::::
model

::
to

:::
the

::::::
GSML

::::::::::::
reconstruction,

:::::
either

:::
by

::::::::::::::::::
Berends et al. (2021a) (Fig.??a). Themeanglobalicevolume

over the entirePleistocene(�v) is 33.5m for the ORB modelandfor the Berendsreconstruction
:::
1b)

::
or

::::::::::::::::::
Rohling et al. (2022)380

::::
(Fig.

:::
1c)

:::::
yields

::::::
similar

::::::
results.

::::
The

:::::::
obtained

:::::::::
model-data

:::::::::
correlation

::
is

::::
high

:::
for

::::
both

::::::
curves

::::::::
(R = 0:86

:::
and

:::::::::
R = 0:85). A general

trendof increasingglacialglobal ice volumeduringthelatePleistoceneis alsovisible,while theamplitudeof the
:::
bias

:::
of

:::
too

:::
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-interglacialcycles(GICs)stays

almostconstant.During the�rst 1 Myr of simulation,theGICsareboundedby -13 m and43 m with a �v of 20 m. Thelast1385

Myr areboundedby 23 m and75 m with a �v of 48 m. This correspondsto a trendof almost30 m in �v betweentheearlyand

latePleistocene.However,theORBmodeldoesnotcapturetheamplitudeof
::::::::
variations

:::::
during

::::
this

::::::
period.

:::::
While

:::
the

::::::::
temporal

:::::::
evolution

:::
of

::::
v0(t)

:::
for

:::
the

:::::::
Berends

:::::
target

::::::
closely

::::::::
resembles

:::
the

::::
one

:::::::
obtained

:::
for theGICscorrectly.Theamplitudestaysalmost

constantthroughoutthe Pleistocene,which is in contrastto the observedincreasein amplitudevisible in the Berendsdata.

Althoughfor theearlyPleistocene,theminimaandmaximafor theglobal ice volumeduringtheinterglacialsandglacialsare390

still similar to thereconstructedones,theyaresystematicallytoolargeduringinterglacialsandtoosmallduringglacialperiods.

TheORBmodelcannotproduceglacialmaximawith morethan75m of globalicevolume.Moreover,mostof its interglacials

arecharacterizedby weakmelting events,which lead to an accumulationof global ice volume over the simulatedperiod.

During the last 1 Myr, the global ice volumeneverfell below 23 m, while the BerendsreconstructionexhibitsInterglacials

with almost0 m in globalicevolume.395
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Figure 1.
:::
The

:::::
RAMP

:::::
model

::::::
(purple

::::
lines)

::::
tuned

:::
for

:::
four

:::::::
different

:::::
tuning

:::::
targets:

:::
(a)

::::::::
Prob-stack

:::::
benthic

:::::
� 18 Ob::::::::::::::

(Ahn et al., 2017)
:
as

::::::::
detrended

::
by

::::::::::::::
Clark et al. (2025),

:::
(b)

:::::::::::::::::
Berends et al. (2021a)

:::::
GMSL

:::::
curve,

::
(c)

::::::::::::::::
Rohling et al. (2022)

:::::
GMSL

:::::
curve,

::::
and

::
(d)

::::::::::::::
Clark et al. (2025)

:::::::
seawater

::::::
� 18 Osw .

:::
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

::::
given

:::::::
according

::
to

:::::::::::::::::::::
Lisiecki and Raymo (2005).

:::::
Model

:::::::::::
extrapolations

::
for

:::
the

:::::
future

:::
100

:::
kyr

::
are

:::::::
indicated

:::
by

::
the

:::::::::::
yellow-shaded

:::::
areas.

TheprojectedGICsfor thefuture250kyr arevisualizedin theyellow-shadedareaof Fig. ??a.TheORBmodelpredictssix

full glacialcyclesfor thisperiod.Theylook similar to theprecedingcycles,characterizedby smallfrequenciesandamplitudes.

Althoughinterglacialmeltingdoesnot reducetheicevolumebelow28m, theglacialaccumulationof theicevolumedoesnot

exceed62 m. �v for thenext
:::::
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

:
250kyr is predictedto be45.9m with theORB400

model.

Quantitatively,theweakperformanceof theORB modelcanbeseenin Table??. Thecoef�cient of determinationR2 has

thelowestvalueof 0.47for theORB model(2.6Myr simulation),indicatingthelowestcorrelationwith theBerendssealevel

reconstruction.Thesameholdsfor theRMSE,whichhasthehighestvalueof 17.50m. RunningtheORBmodeloverashorter
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