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Abstract. Glacial cycles are the norm in Pleistocene climate variability. Models of varying degree of complexity have been
used to answer the question of what causes the nonlinear response of the climate system to the periodic forcing from the
Sun. At one end of the speetrum-of-complexity-complexity spectrum are comprehensive models which aim to represent all
involved processes in a realistic manner. However, their high computational cost precludes their use in the wltra-long-very long
simulations needed. At the other end are conceptual models which are computationally less-demanding-but-which-generally
taeck-aphysical-bastsfar less demanding. Most of them yield good results in terms of capturing the shape and patterns of glacial
cycles as indicated by the geological record but they generally lack a physical basis, thus making it very difficult to identify
the underlying mechanisms. Here we present a conceptual model that aims to physically represent the interaction between
the climate and the Northern Hemisphere ice sheets while eliminating spatial dimensions in some of the fundamental ice-
sheet thermodynamic and dynamic equations. To this end, we describe the Physical Adimensional Climate Cryosphere mOdel
(PACCO) from its simplest to its most complex configuration. We discuss separately the implications of different fundamental
mechanisms such as ice-sheet dynamics and thermodynamics, glacial isostatic adjustment and ice-sheet albedo aging for our
model. We conclude that ice-sheet dynamics and a delayed isostatic response are sufficient to produce resonance around
periodicities of 100 kyr, atthotgh-despite the fact that the forcing has a spectrum concentrated around lower values. In addition,

ice-sheet thermodynamics and ice aging separately enhance the model nonlinearities to provide 100 kyr periodicities in good

agreement with reconstructions. H

simplerproeess-ofieceaging-Overall, PACCO is a valuable tool for analyzing the different hypotheses present in the literature.

1 Introduction

The climate variability of the Pleistocene, from 2.58 million years BP (before present) until today, is governed by the so-called
Glacial-Interglacial Variability i ; i i i GIV, Esmark, 1824, 1826;
mm%MMMMMMMOSmIMed that this variability results from changes in the in-
solation received by the Earthat-the-top-of-the-atmosphere-, Decades later, Milankovitch (1941) computed insolation variations
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Figure 1. Time series of (a) boreal summer solstice insolation (SSI) at 65°N following Berger (1978) and Laskar et al. (2004). (b) Oxygen
isotope 18 (*¥0) from Lisiecki and Raymo (2005) and Hodell et al. (2023). (c) "100-kyr paradox" represented by the normalized peri-
odogram for the last 800 kyr of time series shown in (a) and (b). All records were Itered with a lowpass Butterworth Iter (cutoff frequency
of 10 kyr 1).

Earth's orbital parameters, but the response of the climate system to such a forcing is not straightforward. Late Pleistocene GV,
from 800 to 11.7 kyr BP (thousand years) presents a marked 100-kyr periadM;sawteeﬂqpaﬁeiﬁ#’. This periodicity can

followed by a faster deglaciation or gIaC|aI termination. Both features suggest a non-linear response of the Earth system to
orbital changes.

Much effort has been devoted in the last decades to investigating the mechanisms responsible for the nonlinear nature of GIV
from a modeling perspective, both using conceptual and comprehensive models. The underlying hypotheses of these studie
are often of very different nature. Yet, most of them yield good results in terms of capturing the shape and patterns of glacial

cycles as indicated by the geological record, thus making it very dif cult to identify precise mechanisms (Clark et al., 2006;
Imbrie et al., 2011; Paillard, 2015; Berends et al., 2021a; Verbitsky and Cruci x, 2023; Legrain et al., 2023; Ganopolski, 2024).

Within the conceptual modeling approach, much of the work done has involved mathematical models in the form of relax-
ation equations that reproduce GIV well. However, most of them reigoewmathema{iea’&ppreaehe&ndapproacheﬂﬁatin—
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state model based on insolation andvelumeice-volumethresholds. The underlying hypothesis was that some part of the

state to another. In particular, changes in ocean circulation were suggested to be the driver of such nonlinearity, but these were
not actually captured by the model. To solve this issue, Paillard and Parrenin (2004) added an equation to the previous model
that included the effect of oceanic strati cation due to Antarctic sea ice and ice-sheet extension. During a glacial phase, sea
ice could grow far beyond the Antarctic coasts. Through brine rejection above continental margins deep water would become
saltier and denser, favoring deep water formation and strati cation of the Southern Ocean and thesedipr&ge. In this

way, CG levels would decrease in the atmosphere, allowing a colder climate and the growth of the Antarctic ice sheet. When
the Antarctic ice sheet reached its maximum extent at the limits of the continental shelves, sea-ice formation would be made
further north and the deep water strati cation would break down after a few thousand years, liberating high amounts of CO
that produce a glacial termination. This was suggested to be the main mechanism behind 100-kyr cycles.

Gildor and Tziperman (2001) instead proposed the so-called sea-ice-temperature-precipitation feedback as the main drivel
of 100-yr cycles. In this case, the growth of the sea-ice extent at the end of glacial periods would inhibit precipitation over the
North American ice sheet. In this way, the mass balance would decrease, allowing for glacial terminations. As a corollary, this
hypothesis suggests that 100-kyr glacial cycles result from internal oscillations of the climate system rather than from forced
response to an external forcing. However, as the authors stated, many physical processes were neglected so their results did n
match the records. Later on, Verbitsky et al. (2018) built a model based on dimensional analysis of ice-sheet thermodynamics.
This model tried to represent the evolution of ice sheets via a linear relationship with climate temperature. When no forcing is
applied, the model evolves to equilibrium. However, when forced, it reproduced different modes of rhythmicity depending on
a dimensionless number (the variability number) de ned as a function of eight parameters of the model. This number describes
the relation between the negative and the positive feedbacks related to ice sheet basal sliding and temperature, respectively.
this criterion is large enough, the cycles are produced 10 kyr due to multiples of obliquity and precession cycles. This
number also revealed that there is no need for non-linear relationships in the climate or in the carbon cycle in order to produce
the rhythmicity observed in the paleo-records. However, the rather generalistic way by which it is de ned, does not isolate the
physical mechanism that produces the glacial-interglacial oscillations. Recently, an attempt was made to build a generalized
Milankovitch Theory using conceptual models (Ganopolski, 2024). In this case, a model similar to that of Paillard (1998) was
developed using results from the more comprehensive model CLIMBER-2 (Ganopolski and Calov, 2011). In this study, the
model satisfactorily reproduced GIV and a complete revision of the state of the art was made. Ganopolski (2024) highlighted

rebound, albedo darkening and enhanced melting due to proglacial lakes) as drivers of Pleistocene GIV.
Within the more comprehensive approach, Ganopolski and Calov (2011) employed CLIMBER-2 and investigated the role
of CO, andthedust. The authors explained the late Pleistocene GIV as the consequence of the accumulation of dust on the

insolation reaches high enough values (while increasing eccentricity), Northern Hemisphere ice sheets start decaying and low
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albedo enhances the response. In addition, they found that glacial terminations also require, loanCéhtrationshatto

amplify the cycles. Subsequently, Willeit et al. (2019) simulated the last 3 million years with CLIMBER-2 using multiple
combined long-term simulations. The authors found that glacial cycles are a quasi-deterministic response of their model to
orbital forcing since the response is robust to initial conditions. This behavior is the result of regolith removal (the erosion of
soft sediments beneath the ice sheets), dust deposition and the gradual loweringasf&0mposed forcing trend. Therefore,

dust was again identi ed as the trigger of the late Pleistocene GIV. Later, Mitsui et al. (2023) introduced a new mechanism
called vibration-enhanced synchronization (after Pikovsky et al., 2003). There, the authors revisited the Quaternary glacial
cycles of their model to analyze this phenomena in detail. They found internal oscillations mainly related to dustand CO
feedbacks in agreement with the conclusions of Ganopolski and Calov (2011) and Willeit et al. (2019). Thus, if the internal
frequency is similar to the forcing, a frequency entrainment (or synchronization) from the external forcing is possible. Then, if

eccentricity increases (since climatic precession is modulated by eccentricity) the system oscillatlatr. However, they
found that their model could be biased to glacial conditions since some deglaciations were not fully reproduced. On the other
hand, Abe-Ouchi et al. (2013) used the comprehensive model ICIES-MIROC to study the role of isostatic rebound for glacial

(after Oerlemans, 1980; Pollard, 1982) is a key process. They also found that ocean and dust feedbacks are not necessary al
that glacial cycles are produced even with constant levels of, 6@ that the amount of CQOampli es the amplitude of the

signal. Thus, the modulation of precessional cycles by eccentricity was concluded to be thése¥ene 100 kyr sawtooth

glacial cycles.

To summarize, in the conceptual frameworkeegisee nd. two main problems when trying to solve Pleistocene physics: the

lack of explicit physics and the need to impose ad-hoc thresholds. Most models do not explicitly solve the physical processes
governing climate or ice sheets and need a change in their reference states via imposed thresholds to reproduce the GIV. Ii
turn, the comprehensive approaches provide realistic and accurate results that shed light on the likely evolution of the Earth
system across the Pleistocene. However, the number of processes solved hinders the isolation of the mechanisms governin
the GIV. Furthermore, despite the numerous hypotheses proposed and the wide range of model complexities employed, ther
is no de nitive answer to the 100-kyr paradox. In this context, we have built a modeltagthinimum-a minimal amount

of explicitly-resolved physical processes that successfully reproduces the GIV of the Pleistocene. Our model is an ef cient

climate-cryosphere model with explicitly-solved physical processes that can be enabled or disabled independently, allowing

us to isolatesomeof the physical processes that control the mechanisms underlying the Pleistocene records. We describe the
model in Sect. 2, together with results from each model con guration. In Sect. 3 we discuss the main results. Finally, the main
conclusions are summarized in Sect. 4.



2 Model description and results

110 Here we describe the Physical Adimensional Climate-Cryosphere mOdel (PACCO) in a progressive manner in order to provide
a full picture of its capacities together with the physical basis for its formulation. PACCO represents conceptually the inter-

action between climate and Northern Hemisphere ice sheets using a system & epuigedODBES{OrdinaryBifferential

rized in Table??1 progressively capture more processes and will therefore be used as a convenient way to describe the physics
115 captured by PACCO.

thicknessH evolution as

dH
ot m q, 1)

120 surface mass balance agik the ice discharge. The former will be described in Sect. 2.1 and the latter is

q=vHH' (2

’
|,—,_,ocn

125 =V

in Table2,
Ice velocity is decomposed into a deformation and a sliding component, respeutj\aigv,:

130 V= Vg + V! 3

in termsof thedriving stress. q:.

2A .
fHJdJnl » 4)

135 effect of the ice viscositythatis treatedasa constant. In its zero-dimensional form, Espeemeg4) becomes

2
Vo= ¢ Ar H g (5)
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d= ice 9 H —: (7

L=c z% (8)

(henceon ice temperatureput for simplicity we takeit asa constantc canbe estimatedyith the meanice surfaceelevation

andtheice-sheeg

is, the scaleof anexemplanybig ice sheef(e.g.the Antarcticor the L aurentidelce Sheet) Both valuescanbe obtainedusing
theapproactexplainedaboveandtheir respectivevaluescanbe foundin Table2,

The basal velocity eld is assumed to follow a Weertman-like sliding law (Cuffey and Paterson, 2010; Pattyn, 2010; Pollard
and DeConto, 2012)

Vo= C%j b b (9)
thatin-tszero-dimensionatersionisIn the spatiallyadimensionasimpli cation, this hecomes:
Vp= fsr Cs g; (10)

whereCs is a model parameter that represents the “raw” sliding coef cient derived from Pollard and DeConto (2012) and

fsy IS a model parameter that represents the fraction of ice streams in the icelshegsand—the-driving-andbasal
' Flna”y, b ‘.= Ae NSO eAPPro -.'=. 1 OWHEraht Cl =' .ge_- Bl
unRdentsownweight:normatlyexpressedsis thebasalstressthatmeasurefow easilytheice sheeslidesovertheunderlying
bedrock.It takesthefollowing expression
db= ice 9 H (11)
istransformedeo-
z
d= ice g H E;
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Table 1. Summary of the experiments performed in this work. Experiments are ordered in gradual increasing complexity.

Experiment  Description Section
LIN SIF, ISD, linear SMB 2.1
NONLIN SIF, ISD, non-linear SMB 2.2
ISOS SIF, ISDjsestatierespens@on-linearsMB, ISOSR 2.3
RISOS RIF, ISDisestatierespens@on-linearSMB, ISOSR 2.4
BASE RIF, ISD,earboreyete;non-linearsMB, ISOSR,CC, constantlbedo 2.5
THERM RIF, ISD,earbereyele;non-linearsMB, ISOSR,CC, constantlbedo, IST 2.6

AGING RIF, ISD,carboneyelealbedoagingnon-linearSMB, ISOSR

SIF = Synthetic Insolation Forcing, RIF = Real Insolation Forcing, ISD = Ice Sheet Dynamics, SMB = Surface Mass Balance, ISOSR = Isostatic
response, CC = Carbon cycle, IST = Ice Sheet Thermodynamics.

,CC, dynamicalbedo 2.7

moreor lesshorizontalregionsdueto the fasteryelocitiesthey presentTherefore, 4 and , aredynamicallydifferent, since

z=H+B; (12)

2.1 A quasilinear con guration for surface mass balance (LIN experiment)

We start by building a simple con guration that represents the interaction between insolation and ice-sheet dynamics. The
insolation forcing as a linear combination of three cosines with periods identical to those of orbital parameters (synthetic forcing

and linear mass balance, LIN experiment, Té#f##). Thus

X 2t
I = lres + A i=poeizpoPi COS — (13)
EPOEIL i

wherel ¢ is a reference value for insolation aRdand ; are the power and period associated to precesp)ara(id obliquity

(o)andeceentricity(e), respectivelyAr—=-(+max—tmm)—2—1-We did_not take into_accountthe eccentricitybecauseaswe

explainedn Sect.1, its powerin summeilinsolationis negligible.A; = 0:5 (Imax I'min) is the amplitude of the signal, with
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Ta= Tt + AT |1 (14)

| =2 I I min 1; (15)

I max | min
thatis—is the normalized insolation between -1 and 1. In this way we have built an extremely simple climate model. The
“climate response” is fed into the ice sheet through the surface mass balafitds is assumed to be the only source of mass
balance of the ice sheet (i,dasal mass balance and calving are ignored) with the exception of the ice dischargejEq.
Thus,

m=s a (16)

where the dot indicates rate of ice mass changeyf !); hences is snowfall anda is ablation. Snowfall evolves linearly with
the anomaly in temperature relative to a reference vajue-this-. In this way it represents a linearization of the Clausius-

S= Sref t kg (Tsl Tref); (17)

with sief andks model parameters (c.f. Tabk2). The ablation terna in Eq. (16) follows a similar approach to the Positive
Degree Day method (Braithwaite, 1980; Reeh, 1991; Ritz et al., 1996; Cuffey and Marshall, 2000; Huybrechts et al., 2004;
Charbit et al., 2008; Robinson et al., 2010) that depends on the number of days in a year with sea-level temperature above
the melting point. PACCO assumes a linear relationship between the ablation and the temperature anomaly and reduces th

spatial and temporal knowledge. We then de ne ablation as

a=  (Ts Tinr): (18)

positive. The model structure and ow chart are described in Fig. 2. This con guration essentially consists of a linear relation
between insolation and mass balance and a nonlinear one between ice thickness and velocity. As expected, when integratin
over 800 kyr, glacial inceptions and deglaciations respectively occur shortly after insolation minima and maxima with a pattern
that resembles the sawtooth observed in proxy records (Fig. 3). Interestingly, the power spectrum of the redpcased of

v presents a peak around periodicities of 60 kyr, which is however absent from the forcing. fieis imanifestation of the
nonlinearities introduced by the ice dynamics anghésa consequence of the fact that certain interglacials are very long, since

the system evolves explicitly with insolation and only those insolation minima below a certain threshold allow for a positive
mass balance, leading to an increase of the ice mass. In short, the ice-sheet dynamics creates a certain degree of nonlineari
that appears, however, to be not powerful enough to allow for a realistic GIV simulation.



Figure 2. LIN experiment scheme. Note the linear relationship between the forcing and the evolution of the ice thithisess guration

Figure 3. Results of the LIN simulation. (a, c, €) Time series obtained from the model using different sliding ctlsd, f)Periedograms

larger than 200 kyr.

2.2 Introducing feedbacks on surface mass balance (NONLIN experiment)

feedback (Weertman, 1961; Clark and Pollard, 1998; Oerlemans, 2003) is known to be a fundamental process controlling ice-
sheet accumulation and ablatiéireetevatiofT his feedback accelerates melting under a shrinking ice sheet and limits ablation
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Figure 4. NONLIN experiment scheme. The previously linear relationship between the forcing and the evolution of the ice thickness (LIN)

is now nonlinear due to the elevation feedback. Model additions with respect to LIN are highliggtey. This con gurationemploysEds.

(1), (13),(20).and (21).

when the ice sheet is growing, leading to hysteresis in the ice sheet's volume with respect to temperature (Robinson et al., 2012
Garbe et al., 2020). To take this feedback into account, the mass balance equations are modi ed By,gsisiead ofTy,

where

Tsut = Tl z (19)
and

S= Sref + Ks (Tsurt ~ Trer); (20)
a= (Tsut  Tinr)s (21)

the mass balanc&ONLIN, Tablel, Fig. 4) clearly alters the response to the forcing (Fig. 5). If the ice sheet is dynamic enough

(i.e. high values of the sliding fact@s), the model resonates to certain multiples of the insolation fundamental periods. This

increases the inertia of the system (Abe-Ouchi et al., 2013). Therefore, as in the previous formulation (LIN), periodicities of
60 kyr can be found, but also 80, 100 and 120 kyrs peaks now emerge. Still, this phenomenon does not produce a dominan
GIV periodicity of 100 kyr.

2.3 Delayed isostatic adjustment (ISOS experiment)

Changes in ice load lead to delayed vertical bedrock maotion, a process commonly known as isostatic adjl&®&ent

elevationB evolves according to
h i
dB B ref e H B

_ bed .
@ . B , (22)

10
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Figure 5. Results of the NONLIN simulation. (a, c, €) Time series obtained from the model using different sliding actansl (b, d, f)

levels of the sliding factor. Resonance of the system to longer periods is favored for the less dynamic run€{loaless).
Reaching a glacial termination is now facilitated by the fact that ablation is greater than accumulation at low elevations (Fig.
8). We can de ne an elevation threshal@, such that whez zy, (i.e.z is located below the red curve in Fig. 8) ablation

is surpassed by accumulation. In other womdg, represents the equilibrium line altitude in the ice sheet:

—_ Stef + Ks (Tsi Tref ) (Tst Tinr ) Sref + Ks (Tsi Tref) (Tst Tinr)
o ks ) (ks )

: (23)

This happens more easily for the ISOS experiments since the simulated ice-sheet heights are generally lower for the same set
parameters, as a consequence of the bedrock depression induced by the ice load. Thus, isostasy favors glacial terminations at
100kyrskyr cycles can now more clearly emerge for certain values of the sliding factor. We must bear in mind, however, that
so far our insolation forcing is synthetic. We therefore next turn to a more realistic forcing to assess whether this formulation
allows for a good match with paleodata.

11



Figure 6.1SOS experiment scheme. Note that the surface elevation feedback is altered due to bedrock response. Model additions with respec
to NONLIN are highlightedn grey. This con gurationemploysEgs. (1) (13), (20),(21).and (22).

Figure 7. Results from the ISOS simulation. (a, ¢, ) Time series obtained from the model using different slidingGacaémd (b, d, f)

255 with the ISOS con guration Table 1, Fig. 6) but using the boreal summer solstice insolation at 65°N (Fig. 9) as fdrcing
(obtained following Berger, 1978; Laskar et al., 2004). The model produces resonance at higher periodicitlesdahan
thosecorresponding to obliquity and precession, so glacial terminations occur at different multiples of the former, depending

on the sliding intensity (Fig. 9). However, the simulated timing does not match yet that provided by paleoclimatic proxies. The

12



Zye IS the point where surpasses, and the horizontal red line indicat&s, which is the isoline whera becomes positive. Note that the

plotted curves are for the same sliding faclar=5-8-10-4m—y—Pa—2C<s=4.10 'm yr 'Pa 2.

Figure 9. Results of the RISOS simulation. (a, ¢, e€) Time series obtained from the model using different sliding @ctés d, f)

cut off for periods larger than 200 kyr.

model response is still quite linear with the insolation forcing, so the amplitude of some of its peaks is not enough to make the
260 ice sheet deglaciatgor low sliding)}-er-en- Onthe contrary, a moderate increase in insolation easily induces a termination
{for high sliding. The absence of a satisfactory synchronization with the observed deglaciations, even for mid-range values of

the sliding factor, likely indicates that the model still lacks some important climatic processes. These will be addressed in the

next section.

13
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2.5 Improving the coupling between ice sheet and climate (BASE experiment)

The rst required improvement concerns the treatment of air temperature in the model, which is now regionalized in order to
include the two-way interaction between the atmosphere and the cryosphere, as well as its response to the radiative forcing

dl_[Tref"'Cl Ri+cc Re ¢ z] T
dt T

with ¢, cc, ¢z the climate sensitivities to insolation, atmospheric,G&diative forcing and ice-sheet height, respectively, and

(24)

T the thermal characteristic time. In this way, positive anomalies in insolation or atmosphericd@i€entratiorC tend to

increase temperature, while the ice-sheet size tends to decrease it. Note that the local Bffgcisaiow translated to a more

sheets. FinallyR, andR¢ are the radiative forcing associated witlandC, respectively de ned as

Ri =1 e (25)
and
Rc =5:35 log ¢ (26)

ref
The latter was formulated by Myhre et al. (1998) and itis commonly employed in conceptual modelinG., ¢l ésea reference
value for carbon dioxide (typically set to the pre-industrial value of 280 ppm) and

d£ — [Cref + kT;(: (T Tref)] C._

dt c (27)

re ects the capability of the sources and sinks of atmospherig ©@ary with temperature.

Another improvement in the model is the ablation term, that now follows an ITM-like parameterization (Insolation Temper-
ature Melting method, Pellicciotti et al., 2005; Van Den Berg et al., 2008; Robinson et al., 2010),

a=k (1 ) (I Tref)+ (T Tinr) (28)

wherek; is the sensitivity of ablation to shortwave radiation (insolatianjl is the systemalbedo(c.f.

short and long wave radiation. As mentioned before, since ice surface elevation is already included in Eq. (24), ablation and

snowfall useT instead ofT sy :
S= Spet t+ ks_ (T Tret): (29)

This model con guration is now representég-in Fig. 10 and the results of sensitivity experiments to diffei@atval-
ues are shown in Fig. 11. The sliding strength modulates the amplitude of the ice thickness and thus, the ice-sheet sensi:
tivity to full deglaciation. With this, we produce a more realistic 100 kyr periodicitydirthan in RISOS when also using

14
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(22),(24),(27),(28) and (29).

real insolation forcing. However, the timing and periodicityTofare not satisfactory yet, suggesting the nonlinear response

of the model is still too weak to produce reliable GRarametersromBASE-TFTHERM-and AGING-experimentsNote

Swiereze#e&eréeze&ee%al%’é@%)

possible sources of improved GIV accuracy.
2.6 Ice-sheet thermodynamics (THERM experiment)

One way to enhance the nonlinear response of the system is via ice-sheet thermodynamics and its effect on the basal sliding an
streaming potential of the ice shéee- ’ e is;-Verbitsky : S; 0 dy

. The temperature of the base of an ice shégt{ice) is in uenced by both ice insulation and ice creep. If basal temperature

15
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Figure 11. Results of the BASE simulation. (a, c, €) Time series obtained from the model using different sliding @gctdbs d, f)

cut off for periods larger than 200 kyr. Note that in (e, f) dashed lines refer to two different proxies.

reaches the pressure melting point, basal sliding is enhanced and ice streams accelerate and expand further. To parameteri
this process we consider the interaction between a cold and a temperate environment, the air and the bed, respectively. At th

base
dQ= e S Hp Cce dTice; (30)

with ciee =2009 J Kg ' K !theice speci c heat capacit® the ice surface and , thetemperatdasahicknesgRebel-et-al;2013)

: =2
dTee _ 1 Pe= dh. (31)
dt Cice ice Hb:(ii:«:::g: ice H dt
with
X
h=Q=S= h;

16
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thatis-h the sum of the different heat uxes between the temperate and cold environments. Now, we will de ne the different
components. The bed of an ice sheet (temperate environment) is exposed to the geotherraal-heat hge, from the

basal drag:
hdrag =Vp b (32)

These two terms act as a heat source to the ice sheet through it§ bageunteractingpart arethe termsthat extractheat

Neond = K1 T Tice; (33)

conduction can be de ned across the ice column (assumed to be an isotropic medium) as:
T Tice T Tice

Ncond = Kr

T T
Nadv = Cice ice S lecel: (35)

Pe= — Cce ice S (36)

wherewe removedhedependenc

Once the thermodynamics are de ned, the effect on ice-sheet dynamics is translated through the fraction of icésgtreams
within the ice sheet, which evolves in time according to

d‘str _ fstr;ref fstr_
dt kin

(37)

with in = L vkml the time that an ice stream needs to propagate into the interior of the ice sheet (Nye, 1963; J6hannesson
et al., 1989; Payne et al., 2004; Nick et al., 2009). In this way, we account for the fact that the entire ice-sheet base does not
become temperate at once, but rather gradually with a characteristigtim&he reference value of streamifg ..ef depends

explicitly on the thermodynamics:

fsroref = (Fsrimax Fsrimin) Pet fstrimin; (38)

17
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(22),(24),(27),(28),(29) and (31).

wheref s¢.max andf si--min are model parameters based on glaciological constraintg.aadhe propagation coef cient

— Tice Tstr .
¢ Tmp Ter
Here, Ty, is the ice melting point temperature (0 °C) did the temperature boundary that allows streaming propagaios;

(39)

a number between 0 and 1 that accounts for the state of the bage. If Tsyr, Pc =0 andf sy .ref = fsir-min are imposed since
the base is frozen. If, on the contrafyze > T i , the base starts to be temperate. THusp. 1 andfsy.min <T stroref
fsr.max - At this point, the ice sheet will tend via Eq. (37) to present more streaming and basal sliding. W lioit and

geo i i Sincethiscon gurationtriesto enhancghenonlinearities

a sensitivity experimenwith respecto_ i, wascarriedout (Fig, 13) xing Cs =510 ®myr ! Pa 2 sinceit




Figure 13. Results of the THERM sim
different sliding factorCs. (i

myr ! Pa 2. (a, c, e, g) Time series obtained from the model using

—b, d, f, h-++A:p)

375 time anddonotincreasghetotal basaldynamicsenougtto allow deglaciationsOnthecontrary,lower_ i (bluetonesin Fig.

380 GIV usingathermodynamignechanismHoweverthe matchwith paleoclimatigoroxiesis still. improvablein. our model.

19



Figure 14.AGING experiment scheme. Model additions with respect to BASE are highlighigey. This con gurationemploysEgs. (1)
(22),(24),(27),(28),(29) and (40).

385 lated to the compaction of snow and the latter due to the aridity of glacial landscapes, which favors the deposition of dust on

c(jjT .= ref i ni 0i A: (40)

with  the relaxation time associated with the change in albedo for the entire ice Bhet&trgetvalue—r—changesvith-the
 theices] inplicity: it fol " . .

390 ef = o KA

wherek—is-aparametethatde-nestheagingrateandA is the ice age that depends on the presence or not of ice. The minimum

395 this manner, if the ice is maintainedioughin-timelong enough, its decreasing albedo results in a nonlinear increase of ablation.

However, the assumption that aging affects the entire ice sheet is a crude ongsaumeimulation areas are covered by fresh

snow and, therefore, their contribution to ablation must be smaller. Thus, we add an additional constraint
= o If ifm>0: (41)

In this way, if snowfall outweighs ablation, we assume that ablation zones are covered bywstioanpw/new ice albedo,
400  n), butif ablation is higher than snowfalifacierdarkerice is exposed. In this way, the mass balance sees the time-evolving

value of albedo. The result is the model con guration represented in Fig. 14.

Sensitivity experiments with respect to the sliding fac@grshow that a value frort0 ° to 10 7 (range from Pollard and
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However,its particularvalueis notthatimportantsincethereis someclusteringin Fig. 15 betweemondeglacialanddeglacial

410

rest of the states of this model run with different proxiessulisofthe AGING-simulation{a; e} Fimeseriesobtainedrom
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Since PACCO has no spatial dimensions, the ice volume is de ned through the product of ice thickness and the potentially
415 glaciated surfac8&. This can be expressed in meters of sea level equivalent (m SLE) by

Viee = ——%— S(Tiwp) H; (42)
wtr SOCI']
where  iswater's density (100Rg m 3), Spen(3:648-10%km2Sec, (3:625 10° km?) is the oceanic surface of the Earth
(Cogley, 2012) and
2 3
T T
S=85;+ 2 4 1,2 g5, (43)
S ' Athr 7
420 where
T T
S = - L2 (44)
Atn

thatpro le is lessparabolicandthus,a correctiondueto an sliding expansioris taken

425 s the thermal amplitude provided by a certain extent of the ice she®t is the typical velocity in an ice streameS-is

Comparison of PACCO's results with proxy data (Fig. 16) shows that for the main variables of the modet {H ),
the periodograms exhibit greater power around 100 kyr while maintaining certain power in obliquity and precession bands.
This indicates that the nonlinear response of the system is effectively ampli ed with this new parameterization of albedo. In
430 addition, the comparison of the time serigaitelsc, e andi from Fig. 16-andg) shows great correlation, indicating that both
the amplitude and timing of the GIV are well captured. The evolutio¥@f Vice matches the proxy record qualitatively well
despite its simple representation.
In this model con guration, deglaciations start because the rst term of Eq. (28) (i.e. the effective shortwave rddiagtion
Eq.?7Al) increases ablation thanks to the aging inice albedo {F§3). At a certain time this contribution is high enough to
435 outweigh snowfall, and the glacial termination starts. This process is enhanced with the ice-sheet surface elevation at the end o
the glacial termination. This phenomena can be seen in Fig. 17, where we have represented the trajedt@ses fofnction
of the insolation forcing. This diagram explicitly shows the nonlinearities in the system: ice starts to grow when insolation
becomes low enough to allow its persistence over several precession and obliquity cycles, until the effective shortwave
outweighs the accumulation. Then, a glacial termination is triggered.

440 3 Discussion



445

Figure 16. Results of AGING simulation for—=1666-yr.....
are applied a866.1000 kyr BPentyjustto let the model equilibrate.

of our simple model, we have evaluated the mechanisms that ultimately facilitate capturing the right timing and amplitude of

We have seen that the last con guration of PACCO (AGING experiment, Sect. 2.7) produces results that highly correlate
with various paleoclimatic records. The mechanisms that trigger GIV in this con guration are in agreement with state-of-the-

On one hand, ice-sheet velocity determines the responsiveness of the ice sheet to the insolation foreingrddie-Cs
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Figure 17. Trajectories of the AGING experimenire-with
cycle in black.

ice-sheet thermodynamics could play an important role in this varlab|I|ty since it increases the ice basal velocity. However, in
our case ice aging is more effective, because it introduces a mechanism that persists over multiple glacial cycles.
AnetherAn advantage of PACCO is that it is not necessary to perform a strict calibration of each model parameter to obtain

which to study the dynamlcs of the climate-ice sheet mteractlon.

Finally, the sensitivity of the ice sheet to sliding remains to be explained and attributed. One possible mechanism could be the
rigidity of the substratum on which the ice sheet is formed, as proposed by the regolith removal hygéthgssnd-Pellard-1998:-Gan
( anopolski and Calov, 2011; Willeit et al., 2019; Ganopolsk| 2024) in the context of the Mid-Pleistoce
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4 Conclusions

Here we have developed a simple physically-based model in order to sequentially identify the mechanisms responsible for
GIV of the last 800 kyr. Our model is novel in the way it is formulated because the equations related to ice dynamics are

obtained through spatial lumping of ice-sheet modeling equations. We have seen that in PACCO features of Late Pleistocene
proxy records are reproduced due to both ice-sheet dynamics and interactions with the climate. The delayed isostatic respons

(in agreement with Abe-Ouchi et al., 2013). Moreover, the aging of ice due to its natural darkening (given by compaction

and dust deposition) provides an additional mechanism to the ablation rate, which faltaylacial terminations whethe

ice sheets are big enoughecool-the-climate. This trigger is activated when the insolation reaches a certain threshold in

important processes and to produce the Quaternary glacial-interglacial cycles with minimal physics. It opens a new way of

conceptual modeling that allows different hypotheses to coexist and be isolated from one another.

Code and data availability PACCO is available at https://github.com/sperezmont/Pacco.jl. The archived version of the code in this paper
can be found at https://doi.org/10.5281/zenodo.14534680. The code to generate all the gures of the document and its archived version car
be found at: https://github.com/sperezmont/Perez-Montero-etal_2025_ESD and https://doi.org/10.5281/zenodo.11639518.

A2 AGING sensitivity to sliding factor Cs

A sensitivity experiment with respect to the sliding fac@y was performed fothe AGING con guration (Fig. 14).Fig-

to those that would be expected from GIV.
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