Summary of changes made to the manuscript after the first round of revision

In this document we summarize the changes made on the manuscript as a response to the reviewers
and the community comments. For specific details on the discussion, we refer the reader to our
responses: https://egusphere.copernicus.org/preprints/2024/egusphere-2024-1842/#discussion
(AC1-ACS)

a. Notes on minor changes
The authors found and corrected some errata when revising the new version of the article.
b. Changes made section by section
Abstract
Nothing to note.
1. Introduction

- The attribution of the astronomical theory of glacial cycles has been reformulated.

- Some new references are added.

- The explanation of the conceptual approach to solve the 100-kyr paradox has been rephrased.
- It is now clearly specified in what sense we mean that our model is adimensional and its

purpose.
2.  Model description and results

Overall, a detailed description of the physical meaning of each equation and its justification is
provided, as described in AC5. Now we will describe specific changes (note that we refer to the
equations in the new manuscript):

- Equation 2: Ice discharge equation now depends on parameter L., (AC1).

- Equation 7: Driving stress is now dependent on a dynamical L (AC1). And L is defined in Eq.
(8).

- Equation 11: Now we make a distinction between basal and deformational regime, thus the
basal stress depends on parameter 6 that represents the slope of the streaming region.

- Table 1: For ease of reading, a more detailed description of each experiment is presented.

- Model configuration schemes (Figs. 2, 4, 6, 10, 12 and 14) present a description of the
specific equation they use.

2.1. A quasi linear configuration for surface mass balance (LIN experiment)
- Equation 13: We have eliminated the contribution of eccentricity for simplicity.
- Table 2: Now, all model parameters are gathered in the same table and sorted in alphabetical

order.

2.2.  Introducing feedbacks on surface mass balance (NONLIN experiment)
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Nothing to note.
2.3.  Delayed isostatic adjustment (ISOS experiment)
Nothing to note.
2.4.  ISOS configuration with real insolation (RISOS experiment)
Nothing to note.
2.5. Improving the coupling between ice sheet and climate (BASE experiment)
Nothing to note.
2.6.  Ice-sheet thermodynamics (THERM experiment)

- The equations of this section discussed during AC1 and AC2 have been properly modified
and justified.

- Since now THERM configuration depends on less parameters, we only show the sensitivity
experiment for 7;, in this section. The sensitivity test for C, is shown in the new Appendix
Al.

- Figure 13 has been changed according to the previous point.

- The partial conclusions on this section have been modulated and nuanced according to the
community comments of M. Verbitsky (AC1-AC3) and the comments of reviewer M.
Crucifix (AC4).

2.7. Ice aging (AGING experiment)

- Equation 40: A personal communication from Andrey Ganopolski brought to our attention
that a simplified version of this equation can be made. Now, the albedo evolves as a
diagnostic equation and explicitly shows the characteristic time scale involved in it.

- We have also changed the design of Fig. 15 to establish an analogy with Fig. 13 and simplify
the message.

- Equations 43 and 44: Since we introduced a specific ice profile (AC1-AC4) using a typical
ice sheet scale L dependent on ice thickness H, the diagnostic equation for the ice surface
needed modification. Thus we concluded that equations 43 and 44 qualitatively represent the
processes that allow an ice sheet to be more or less extensive.

3. Discussion

As suggested by the reviewers, we extended the discussion and now we guide it point by point based
on the insight gained by adding different levels of complexity to the model.

4. Conclusions

We reformulated some conclusions as suggested by the reviewers in order to be more specific with the
model capacities.



Appendix A: Further analysis of the THERM and AGING experiments

Al. THERM sensitivity to sliding factor C,

As pointed out above, we included this section to provide a sensitivity experiment of THERM
configuration to C,.

A2. AGING sensitivity to sliding factor C;

Nothing to note.

A3. Mechanisms of glacial termination with the AGING configuration

Nothing to note.

c. Point-by-point response to reviewers' and community comments

Attached below are the responses to the reviewers and the community.



Response to Michel Crucifix referee comment (RC1)

Dear Michel Crucifix,

Thanks for your comments. We hereafter respond point by point:

Review of « a simple physical model for glacial cycles » by Sergio Pérez-Montero.
1. General impressions

The contribution of the authors is a very welcome addition to the literature of models of
glacial-interglacial cycles. The model that they introduce, called PACCO, features 0-d ice sheet dynamics along
with a simple linear predictor of CO_2 concentration. It is argued that it is as an adequate device for "testing
the different hypotheses and isolating them from each other".

1.1 Mechanism attribution

How much we learn about physics and balance of mechanisms in a simple model is an interesting
question. I would suggest the following argument. Consider a model with thousands of lines of codes, with the
representation of highly detailed mechanisms based on physical principles and parameterisations. Suppose then
that this model successfully reproduces one or several glacial cycles. For sure, such achievement required some
tuning (the Saltzman 1990 argument), but one might argue that, in such a big model, the relative importance of
different components or mechanisms in the resulting ice age dynamics is fairly robust. It does not mean that it is
faithful to the truth, but that it is hard to change this balance by tuning. Now consider a low-order model with,
say, 10 state variables such as PACCO. One might suspect that different choices of parameterisations or even
different assumptions may have a large impact on the relative role of different components. This is both the
strength and the weakness of the low-order models. A strength, because it offers opportunities of
experimentation and addresses sensitivities not apparent in the bigger model; a weakness, because as different
assumptions might converge to similar mathematical expressions, interpretation is not as straightforward as it
may look. This modelling ambiguity was I would argue perhaps most severe in Saltzman - Maash models (e.g.
Saltzman and Maash 1990, hereafter SM90), where only one out of the three differential equations was
non-linear (the one for the carbon cycle); the carbon cycle was therefore by design given the responsibility of
causing the limit cycle.

For sure, PACCO has more physically explicit mechanisms than SM90, but I suspect caution must still be
exercised when attributing a "role" to a component --- I will make a case below that perhaps the respective roles

of isostasy, basal melt and snow/ice aging might be sensitive to questionable assumptions (through comments
1.2 and 1.3).

Before going further, 1 would suggest the authors to have a look and perhaps position themselves with respect to
two articles which they did not cite, yet I suspect that have been somehow influential --- because some of the
comments I am making here have already been made there, and also because of snow aging was already the
attention of a controversy at the time:

- Gallée et al 1992 introduced what they called a "sectorially" averaged climate model, with
different parameterisations affecting the heat balance of the ice sheet including snow aging (based on previous
works by L.D.D Harvey --- also relevant for your section 2.7)

- Tarasov and Peltier 1997 reported a simulation of the latest termination with an energy
balance model coupled to an ice sheet model. They commented the Gallée et al. 1992 paper as well as other,
similar efforts, and specifically, they made the following point: "Although the addition of each of these plausible
mechanisms [they quoted here the list of mechanisms] to the reduced model has led to improvements in their
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ability to acceptably simulate the ice age cycle, it has remained unclear as to whether difficulties encountered
may not be due to an incorrect representation of the processes already included [.].

It could be unfair to take this quote out of context, but I believe the Tarasov and Pelter question is legitimate: if
a model includes a number of processes (in PACCO. we have ice sheet dynamics, lithosphere adjustment, snow
ageing, parameterization of ice discharge itself obtained depending on a parameterization of the bottom
balance), each of these processes being necessarily highly idealised, what robust conclusions can be obtained
about the relative importance of each of these processes in the emerging phenomenon which is, in this case, the
amplitude, timing and shape of glacial interglacial cycles?

Let us be fair: the authors of PACCO do not go as far as quantifying the relative importance of each mechanism.
However, if I read well, they attribute the asymmetry of cycles to the delayed isostatic response, and give a
central role to ice aging for the timing of glacial-interglacial cycles.

Verbitsky et al. 2018 (VCV1S8) includes many fewer processes of PACCO and so cannot possibly investigate the
relative importance of these different mechanisms (as the authors of the present contribution correctly pointed
out). For example, it ignores isostasy and snow ageing. For sure, not representing a mechanism does not imply
that it plays no role. But nevertheless the question remains: how is it that VCV18 produces glacial interglacial
cycles with decent amplitude, timing and shape with only ice flow dynamics, basal temperature feedback and a
general, linear climate feedback, while PACCO needs isostasy and snow ageing ? One might argue, VCVIS8
implicitly represents the isostasy effect in its equations. VCVI18 authors were aware of this, and this is the reason
why they pitched their paper by emphasizing the role of adimensional numbers, specifically with their attempt to
define a "V-number" measuring the ratio between positive and negative feedbacks.

We understand your argument and we mostly agree. In a simplified model like PACCO, isolating the
relevant processes and illustrating their relative importance is subjected to the potential lack of
accuracy inherent to reducing the problem to a few differential equations without explicitly solving
the spatial dimensions. To illustrate this, one could think of a deglaciation of the Northern Hemisphere
ice sheets: it is likely that the ice darkening process would be highly relevant for the southern ablation
borders of the ice sheets, whereas the effects of a basal thermally driven acceleration of ice streams
would be more relevant for inner parts of the ice sheets, both of them finally contributing to the
nonlinearities at the core of deglaciations. This spatially heterogeneous phenomenon would not be
captured by a model with reduced spatial dimensions as PACCO, in which solely the “mean” state of
the ice sheet is simulated. Therefore we agree that conclusions on the relative importance of the
mechanisms have to be drawn with caution and we have expanded on this in the new version of the
manuscript.

That being said, we have built PACCO by including all the suspected relevant processes for glacial
cycles in the simplest, yet keeping a physically-based approach. By doing so, we believe that we have
illustrated in a novel way how progressively including different mechanisms translates into the
gradual emergence of periodicity peaks of the climate-cryosphere response that are not present in the
insolation forcing alone. However, we were perhaps not explicit enough on how well VCV 18 already
captured the timing and shape of glacial cycles and we have better acknowledged this in the new
version of the manuscript. Indeed, PACCO’s THERM experiments also perform satisfactorily (see
former figure 13), and have now been considerably improved thanks to the implementation of the
suggestions made by Mikhail Verbitsky (see figure CC2.1 in our response to CCl and CC2
comments). Nonetheless, as described in the manuscript, the inclusion of a progressive decrease in
surface albedo resulting from ice aging facilitates in our model a good calibration of the glacial cycles
rhythmicity shown in proxies.



Following your suggestion on mechanism attribution, we have now added the references to Gallée et
al, 1992 and Tarasov and Peltier 1997.

1.2 Mechanism for the delayed feedback

When it comes to the "asymmetry" of cycles, I suspect the crucial element is the presence of a delayed
feedback (see, e.g., Quinn et al. 2018 who coded a glacial-interglacial model with delay equations). What
component generates delayed feedback ? True, isostasy does. But the thermal balance of the basal ice does, too.
On this point, there is one concern that has already been mentioned in the public discussion by M. Verbitsky.
Equation 34 linking the conduction heat flux to the surface air temperature is disputable. The point of
controversy here relates to propagation time needed by air temperature signal to reach the bottom layer, which
involves an advection timescale. This effectively introduces a delayed feedback which can be crucial for the
generation of a high amplitude glacial cycle with it its asymmetrical shape.

We agree. Indeed, in our simulations the elevation feedback (NONLIN set of experiments) as well as isostasy
(ISOS) favor the emergence of the asymmetry, which is considerably enhanced when considering the effects of
the thermal basal state on ice sliding (THERM) by means of a delayed feedback. The characteristic time for the
base to become temperate, thus enhancing sliding, depends on the vertical diffusion within the ice column, the
geothermal heat flow and the vertical advection. This is better captured with the improved version of THERM
thanks to M. Verbitsky's suggestions (see details in CC2). Using this approach the base gets tempered relatively
fast as the analytical study of Moreno-Parada et al. (2024) shows. The delayed feedback associated with the
basal thermal state is now largely explored in terms of the (dynamic and dependant on accumulation rate) Péclet
number and the relaxation time of ice-stream activation when the base becomes temperate. Thus, even though
the thermodynamics is now more robust our conclusions remain similar. The new version of the manuscript will
reflect these improvements. Please see also the responses to comments CC1 and CC2 and also figure CC2.1

1.3 Fixed-length assumption

Similary, the fixed ice sheet length (L) assumption may significantly distort the albedo feedback and all
feedbacks associated to elevation (I think this assumption would affect all dynamical aspects of the model) I'd
like to confirm here that I identified these concerns before actually reading Mikhail Verbitsky's comments,
though it is not surprising that we both spotted this issue given our common modelling history, and, to be clear, [
haven't inspected the discussion that followed the original community comment.

As you say, fixing L in the ice-sheet dynamic equations overestimates the driving stress during the
second half of the cycle and thus changes ice velocity. Thus, as M. Verbitsky suggested, we
introduced an ice profile of the form L = ¢ * H2 We have therefore changed the formulation of
deformational velocities accordingly. Please see AC1, AC2 and AC3 for more details. The new
version of the manuscript includes these corrections.

Comments 1.1, 1.2 and 1.3 do not by any means question the legitimacy of the present study but they come as a
word of caution about what one should view as the most adequate device for "testing the different hypotheses
and isolating them from each other". I would argue that for that aim the device must have the output and
resolution needed to be confronted with detailed observations which are independent enough, thus providing
independent constraints. Only in this case, I would argue, is mechanism attribution less ambiguous. Besides
these concerns (heat flow parameterisation, fixed length, and caveat about mechanism attribution), most
comments below can easily be addressed because they are of editorial nature.

We acknowledge all your comments. We have now modulated and nuanced our discussion and
conclusions with respect to attribution to specific mechanisms when preparing the new version of the
manuscript.



Editorial Comments
1. Introduction

- Some comments about the introduction have already been made by Mikhail Verbitsky. Just adding
here that Milankovitch did not "postulate"” that glacial - interglacial variability is caused by changes in
the insolation. Milankovitch can be seen, as summed up by Berger (2021), as the father of
(paleo-)climate modelling. He reasoned on the physics of the radiative balance and effectively
computed the variations in temperature to obtain an "effective snow line" (expressed as a latitude)
caused by the quasi-periodic changes in insolation. The "postulate” about the astronomical origin of
ice ages has to be found earlier (specifically, speaking of the attribution of ice ages to summer
insolation , J.J. Murphy 1876. See reviews by Berger 1988 and Berger 2021.)

Thank you, we have corrected this in the new version of the paper.

- The phrase "conceptual model" is widely used, but it may be a bit ambiguous. Perhaps use the
distinction between "phenomenological” (describing the observations in a way consistent with the
theory but not derived from it --- Paillard 1998 would be phenomenological, for example) and
"theoretical" models? In that sense PACCO is indeed a theoretical model with some empirical
parameterisations; Verbitsky et al. 2018 also present their model as a theoretical construction. There is
no sharp line between phenomenological and theoretical, but I suspect this distinction would help for
the presentation of PACCO.

Thank you for the suggestion, we have made the distinction between phenomenological and
theoretical where appropriate.

2a. Model description

- Would it be possible to have all parameters listed in one table by alphabetical order? It was at places
a bit painful to find the definition and value of the different parameters while reading the text (e.g.,
after equation 16, or to that \dot s and k_{\dot s} are model parameters, but doesn't mention that T ref
is also listed in the parameter table. It took me a while to find T thr which indeed is also in table 2.

We acknowledge your recommendation and we will remake all tables to include all parameters in
alphabetical order in just one table in the next version of the manuscript.

- Synthetic insolation forcing: I found introducing P_e and then setting it to zero confusing. Why not simply
explain that one major difference between the synthetic signal and the real one is the amplitude modulation of
precession by eccentricity? (Which indeed can be relevant for resonance phenomena)

We agree and have followed your suggestion when preparing the new version of the paper. We
initially included it just to show the complete approach and the possibilities of the model, but as you
say, it is cleaner and more elegant to eliminate that contribution for the sake of simplicity and clarity.

- line 300 : I did not understand what is meant by the "Dynamic nature of thermodynamic hypothesis".

We intended to say that the thermodynamic hypothesis (i.e. the base becomes temperate and then
basal sliding is increased) affects the ice-sheet dynamics in the sense that if you try to produce glacial
cycles via this hypothesis, you need a system that reacts highly to changes in the base. If the system is
not sensitive enough to these changes, then glacial cycles are not produced in a realistic manner, at
least with our formulation. We will rephrase this to make it more clear.



2b. Result analysis
- line 216 : replace "higher periodicity" by longer periods.
Done.

1 suspect (but this can be discussed) that the word "resonance" is used a bit abusively here. Resonance
would refer to a disproportionate increase in amplitude for certain frequencies of the forcing (and then
distinguishing linear from non-linear resonance, non-linear resonance occurring when the matching
frequency depends on the amplitude of forcing). It is not phase locking either because the model does
not have a self-sustained and oscillation. So I believe the right phrase here is just non-linear response
with the output period being a multiple of that of the forcing.

Agreed.We will change that phrase following your suggestion.
- line 220: "on the contrary, even a moderate increase in insolation induces a termination too easily”.
(If this is indeed what you meant; though it might be argued, high sensitivity to insolation is also what

you need for the MIS12-11 transition).

We agree, you need a high sensitivity to insolation to produce MIS11, however, in this particular
model configuration (ISOS and RISOS), a high sensitivity is maintained all along the simulation.
Thus, the energy in 20 and 40 kyr is very high and PACCO does not produce 100-kyr glacial cycles. It
is only after including a more complex climate representation (after the BASE configuration) that
sensitivity to insolation evolves dynamically in time so that the model reproduces MIS11.

- Line 370: the sentence is a little bit unclear. Isn't it normal to have high sensitivity to sliding?

In the sentence "one possible mechanism could be related to the rigidity of the substratum on which ice
is formed" : please clarify or rephrase: rigidity is not a mechanism.

We understand that “rigidity” was not a good choice to refer to the regolith hypothesis (Clark and
Pollard, 1998) and we will be more explicit in the new version of the manuscript.

- Figure 13: For clarity just specify which h_geo was used for the Ik,m,o panels.
We will specify that in the new version of the manuscript.
Sincerely,
Sergio Pérez-Montero et al.
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Response to Anonymous referee comment (RC2)
Dear Anonymous referee,
Thank you very much for your comments. We hereafter respond point by point:

Authors investigated Pleistocene glacial cycles that are known to be driven by the nonlinear response of the
climate to solar forcing. Though complex models accurately simulate these cycles they are computationally
expensive. Simpler conceptual models lack physical detail, though. The Physical Adimensional Climate
Cryosphere mOdel (PACCO) used in this study aims to balance complexity and simplicity by focusing on the
interaction between climate and Northern Hemisphere ice sheets. Authors show that PACCO effectively
reproduces 100,000-year glacial cycles by incorporating ice-sheet dynamics, thermodynamics, and ice aging.
The study reveals that ice aging and delayed isostatic response are key to matching geological records, making
PACCO a valuable tool for studying glacial cycles.

Major comments on the paper:

I have to say that I like how the paper was written. It goes from a simple model, where linear insolation forcing
is introduced to the one-dimensional model as described by SIA equations. I do not agree with RC1/CCI's
description that it even might have 2 dimensions, as here H is not a dimension but merely a product of
equations. I only miss here the motivation for all constants and order of complexity they introduced to the
model. For example, in table 2, Length is 1000 km based on Oerlemans et al., 2008. But why is simply that taken
and not given a reasoning? The same goes for many equations that are not fully motivated. Please note that I am
a big fan of simple conceptual models as I believe that we can learn more from simple yet fast models compared
to expensive and long-time running Stokes models.

We thank you for your comment. The motivation behind the gradual increase in complexity is to
obtain glacial cycles with good amplitude and timing with respect to the proxies. For that, we
analyzed each step in order to fully understand in which way each process affects the variability of the
system. We understand that this intention might not be as clear as we thought and we will elaborate
more on the justifications in order to make it more clear. For that, we have extended the justification
of the following equations:

e Equation (1) is a mass conservation equation that takes into account mass inputs and outputs,
similar to the one employed in Benn et al. (2019).

e Equations (2) and (3) are combined into one equation with explicit definition of each
component. We also added a new equation (based on the comments from CC1, CC2, CC3 and
RC1) that explains the typical horizontal scale of an ice sheet and the approach followed to
obtain the parameters employed.

e Equations (7) and (8) are now related with the basal stress in a different manner. In the new
version of the manuscript we have an equation for the driving stress and another one for the
basal stress. The reason is basically that the ice profile associated with those dynamic regimes
is different and two equations are needed if we are to follow the approach suggested by M.
Verbitsky in CC1. After presenting the equation we explain that the ice profile of a region
dominated by basal dynamics is mostly horizontal and, thus, a constant slope in the basal
stress is assumed.

e Equations (9) and (10) are justified now explaining that they represent how the ice deforms
under its own weight.

e FEquation (16) is motivated by the effect of temperature on the amount of allowed moisture in
the atmosphere: more temperature, more moisture.
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e Equation (21) is now justified by explaining the interaction between the ice and the bedrock.
If the ice sheet grows, the bedrock sinks. However, this is not instantaneous but takes a certain
amount of time given by the relaxation time, which is a parameter of the model.

e Equations (29-34) have been simplified and explained in detail:

o  We introduced the notion of Péclet number, its relation with Hb and H as suggested
by CC2.
We have included the advective heat contribution and explained its formulation.
We have added a phrase that summarizes the purpose of the entire THERM
configuration, that is basically “to mimic the warming at the base of the ice sheet and
to slow down its effect in order to represent how this mechanism is propagated
through the entire ice sheet.”

e Equation (38) and (39) have been simplified to one diagnostic equation that clarifies how
albedo ages in time. This change was made thanks to a personal communication from A.
Ganopolski.

Then, from section 2.2 onwards, authors speak of periodicities at time scales of 60-80-100-120 kyears. I must
disagree as, e.g., Figure 5 shows pronounced peeks around 20 and 40 kyears for all values of the sliding
parameter, and around 60 kyears for lower values of the sliding parameter. Above that, there is no significant
peak which might suggest that what we see is just a model artifact or an aliasing error. And this is additionally
supported with the figure 5c. The same holds for figure 7 (ISOS simulation). When we go to figure 9 (RISOS
simulation), the authors statement does not hold at all, because the peaks really depend on the sliding
parameter and cannot be generalized. So here, for me, the result of AGING simulation is the only result that can
claim that there is a periodicity between 80-120 kyears (the correct time really depends on the sliding
parameter).

We agree in the sense that it is true that the more remarkable peaks are found at 20 and 40 kyr.
However, when we mention multiples of those periodicities we refer to the appearance of peaks
around those multiples, but not its dominance over 20 and 40 kyr. In this way, we tried to show how
adding different mechanisms favors the appearance of longer periods. This can be seen when
inspecting the results of the different experiments in order of increasing complexity. We understand
that our intention was not as clear as we thought and we will clarify this issue in the new version of
the paper.

Another thing that should be changed in the following manuscript is explanations and captions of all figures.
For example: we can see a change in dominant peaks which is logical as the authors introduce the model
complexity. However, it is not explained why the energy of the peaks for the same sliding factor changes between
the runs (see for example the difference in peaks at 60 kyears between Figure 5 and Figure 7. Also, here the
vertical axes would really be beneficial to make a good comparison.

We did not add them in the first place since we think the comparison must be made within each
configuration and between different values of the sliding parameter, as the model changes between
configurations. Nonetheless we include a figure below with the absolute PSD (power spectral density)
of every experiment (Fig. 1). The comparison between configurations should only be made in the
appearance or not of periodicities longer than the ones provided by the forcing, always having in mind
the evolution of the variables in time. This comparison allows us to illustrate how, as you pointed out
above, adding complexity increases the nonlinear response, which is basically the aim of the paper
structure.
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Figure 1. Power spectral density of ice thickness (Hpgp) for each experiment performed. Note that the
vertical axes are different for each panel and that the colors change according to each experiment.
Note also that these are the results after the comments following the open discussion and both
referees.

Additionally, the authors did explain why we see differences in periodicity between the sliding parameters, and
why their statements are “true” for the lower values of the sliding parameter. There to say, for which glacier
could we use these results to possibly predict the future evolution?

Our model was conceived to reproduce the interaction between Northern Hemisphere ice sheets and
climate. Different modeling studies (e.g. Clark and Pollard, 1998; Willeit et al., 2019; among others)
rely on the regolith hypothesis. This hypothesis basically indicates that a gradual reduction in the
capability of the ice sheets to slide during the Pleistocene made them slow and less dynamic, leading
to larger ice sheets and a nonlinear impact on late Pleistocene glacial cycle frequency. In our study we
find this to be true for AGING configuration. When the sliding capacity is not very high, our model is
capable of synchronizing more with the paleoclimatic proxies. To answer your last question, PACCO
could simulate the evolution of the Northern Hemisphere in the long-term future.

Thus, to conclude: I think the paper is a valuable contribution to understand the glacier cycles and ice-sheet
dynamics. However, I would not consider it for publication just yet. 1. The model and its equations need to be
explained and introduced better as as CCI says: “it looks like a verbalized computer code”. 2. The figures are
not “self-standing” and need a better explanation of all lines, better comparison between experiments, and
y-axes would be beneficial. 3. Better discussion is necessary as it is not obvious how this model can be used and
what is a future of it.

Thank you for your final comments which are very useful to better formulate the message of the
manuscript. To this end we will:



1. Explain and justify more deeply every equation in the paper.

2. Describe better the figures and add the vertical axes to periodograms to allow a better
comparison between experiments.

3. Add a deeper explanation of the possible applications of the model such as the research about
the Middle Pleistocene Transition or the Anthropogenic future.

Sincerely,

Sergio Pérez-Montero et al.



Response to Mikhail Verbitsky comments (CC1 CC2)

Dear Mikhail Verbitsky,
Thanks for your comment. We hereafter respond point by point:
cc1

Simple but physics-based models of ice ages have been introduced many years ago (e.g., Birchfield
and Weertman, 1978, Chalikov and Verbitsky, 1984, etc.); nevertheless, phenomenological models of
glacial rhythmicity are, as Michel Crucifix (2012) said, still “seductive”. Their obvious lack of
underlying physics is compensated by introduction of artificial thresholds and other Boolean
statements that, indeed, allow them to reproduce empirical data but do not add much to our
understanding of the physical nature of glacial periods. Therefore, every attempt to introduce “A
simple physical model for glacial cycles” should be welcomed.

Unfortunately, the presented paper has (I frankly hesitate to say that, but for the lack of a better
word...) a flaw that needs to be addressed before one proceeds to the results.

You approximate ice discharge as q = v H/L, where L is a constant. Even intuitively, making the
horizontal size of evolving Northern Hemisphere Pleistocene ice sheets to be a constant, is strange,
but from the basics of ice physics it is simply incorrect: H and L are not independent, and H is
proportional to L™N(1/2) (e.g., Verbitsky, 1992, Bahr et al, 2015). Taking this into account may
dramatically change the dynamical properties of your governing equation (1).

We understand your concern here and would completely agree except that L, in equation (1), does
not represent the horizontal size of the ice sheet. We recognize that our current designation of L in that
equation is incorrect and has understandably misled you. Indeed, in order to estimate the divergence
of the flux between two horizontal points of an ice sheet, the local slope should be estimated by the
inherent relationship between H and L (a given profile). It would therefore be incorrect to use a
constant L . However, this is not what we are doing here. Under our (spatially) adimensional
approach what Equation (1) says is simply: “The evolution of ice thickness (intended to be
characterizing the mean state of the whole ice sheet) is the surface mass balance minus the ice
discharge into the ocean”. The latter would be captured in a 3D model by the ice flux at the grounding

line, which is herein written as V- H/L , where L should be understood as a scale adjustable
parameter and represents the length of the boundary between the ice sheet and the ocean, hereafter
Loen. To avoid misunderstanding, we will replace L in this equation by Locn and the discharge will
be

H
q = —
Loen  (Eq. CC1.1)

However, we realize that when we introduce the dimensionalization of the horizontal derivatives,

employing just H/L ith a fixed L can be problematic since the driving stress becomes quadratic
with the ice thickness (equation 10). This is clearly not the case in real ice sheets (e.g. figure 4b from
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Morlighem et al., 2013). Thus, we will include in the text a variable L in Equation 10, following
your recommendation of using

L =c- H?. (Eq.CCl1.2)

We have now implemented these changes in our model. Below follows a brief diagnostic and
prognostic analysis of these changes. We use a range of coefficients ¢ in Eq. (CC1.2) from 0.2 (based
on Vatnajokull ice cap) to 0.9 (based on Antarctic ice sheet). As can be shown in Figure CC1.1 below,
in the case with fixed L , the driving stress leads to very high values, only exceeded for the extreme
value ¢ = 0.2 in about half of each cycle.

c(m™)

02 03 04 05 06 07 08 09

—fixed L

0.0- R e —, TN
800 700 600 500 400 300 200 100 0
Time (kyr BP)

Figure CC1.1. Diagnosed L , 7¢ and ¢ for a fixed H evolution. Colors indicate different values

of the coefficient in L = c¢- H” . Note that the black line corresponds to the case in which we kept
L constant.

We next show the effect of these changes on the AGING configuration presented in our manuscript
for ¢ = 0.9. As shown in Figure CC1.2, we can converge to the previous results, now with a dynamic
L. The proposed changes in ice dynamics only slightly displace the parameter space. Therefore, we
can say that despite the fact that we will need to recalibrate the simulations shown in the paper, our
conclusions remain unchanged. We thank you for giving us the opportunity to correct it, and kindly
invite you to proceed to the reading of the results and following sections.
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Figure CC1.2. Simulations using AGING configuration for ¢ = 0.9 (red) and our previous results
with fixed L (black).

Few comments which are less significant, but may be you consider them helpful:

1. Your model is not “adimensional” as you claim in your PACCO abbreviation. For example,
your equations have dimensional H, measured in meters, and dimensional time, measured in
seconds. You didn't attempt to make your system adimensional. You simply do not resolve
space.

You are right in saying that PACCO is not an “adimensional” model but rather a “spatially
adimensional” or a ‘“zero-dimensional” model. We will clarify this in the revised version of the
manuscript.

2. It would be very helpful, if you present your final equations all together in one place instead
of forcing a reader like me to do this work and substitute let say tau_d into v_d into v into g
into dH/dt. At this point, the model description looks like a verbalized computer code (that 1
suspect it is).
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The gradual increase in complexity that structures the paper is fully intentional and aims to show the
influence of each process on the periodicity and shape of the glacial cycles. We believe that gathering
the equations as you suggest is in fact much closer to a “verbalized computer code” than our
approach, which attempts to guide the reader through the model in a practical way. Additionally, we
have to note that describing all the terms that participate in the ice dynamics (for example) in
separated equations is the common practice. Otherwise, the following examples of the literature (e.g.
Cuffey and Paterson (2010); Huybrechts and Oerlemans (1988); Quiquet et al. (2018); Pattyn (2017);
Robinson et al. (2020)) should also be considered as “verbalized computer codes” (that we suspect are
not).

3. Since you position your model as a physical model, it would be nice if you explain the basic
physical nature of the governing equations. For example, [ was able to figure out that your
equation (1) is scaled kinematic condition on the ice sheet free upper surface, but I am not
sure I can explain with the same confidence equation (29) especially when Q is not defined.

We will make sure to describe this properly in the revised versions of the manuscript. On the other
hand, we will address your question about Equation (29) in CC2 below.

4. Line 35: “However, most of them rely on very mathematical approaches and include artificial
or imposed thresholds and trends (Paillard, 1998, Paillard and Parrenin, 2004, Gildor and
Tziperman, 2001; Verbitsky et al, 2018, Ganopolski, 2024).” First, what ‘“very
mathematical” means? And, second, I am not aware about “artificial or imposed thresholds

and trends” in Verbitsky et al (2018).

In the revised version of the manuscript, we will refer more explicitly to the articles assuming the
existence of thresholds and trends, which is what we understand to be a mathematical approach. In
this context, we understand that "very mathematical" is not the right term and will resolve this in the
revised version of the manuscript.

We emphasize that most of the processes resolved in those models are specific to the proposed
hypothesis to explain glacial-interglacial variability. In contrast, PACCO solves a whole set of
physical processes, covering various hypotheses and allowing to compare competing processes.

5. And finally, a bit of funny thing. Your introduction begins with the sentence that makes a
reader to believe that Paillard in 2001 and Ganopolski in 2024 introduced
glacial-interglacial variability to the world. With all due respect to celebrated scientists, |
would suggest someone like Agassiz to be mentioned there. It would also help to explain (next
sentence) how Milankovitch was able to offer his theory before them.

We kindly thank you for your suggestion. When we wrote the manuscript we did not intend to do a
complete summary or review of the history of glacial cycles, but in fact it would be a nice addition to
the introduction.

Respectfully,
Mikhail Verbitsky

References



Bahr, D. B., Pfeffer, W. T., and Kaser, G.: A review of volume-area scaling of glaciers, Rev. Geophys.,
53, 95-140, doi:10.1002/2014RG000470, 2015.

Birchfield, G.E. and Weertman, J., 1978. A note on the spectral response of a model continental ice
sheet. Journal of Geophysical Research: Oceans, 83(C8), pp.4123-4125.

Chalikov, D.V. and Verbitsky, M.Y., 1984. A new Earth climate model. Nature, 308(5960), pp.609-612.

Crucifix, Michel. "Oscillators and relaxation phenomena in Pleistocene climate theory.”
Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences
370, no. 1962 (2012): 1140-1165.

Verbitsky, M.Y. Equilibrium ice sheet scaling in climate modeling. Climate Dynamics 7, 105-110
(1992). https://doi.org/10.1007/BF00209611

cC2
1 think I owe you a more explicit explanation of my discomfort with Equation (29).

1t is a common knowledge that for typical ice sheets the Peclet number (Pe) is of order of 10. This
means that temperature advection dominates heat diffusion and an ice-flow trajectory has a
near-constant temperature determined by its value on the upper free surface of the ice sheet (e.g.,
Grigorian et al, 1976, Morland, 1984, etc). The thickness of the basal boundary layer where, instead,
the heat diffusion begins to dominate, is proportional to Pe™-1/2)*H and is about 100 m. The
timescale of the upper-surface temperature “delivery” to the basal boundary layer is the same as the
timescale of ice growth. Your equation (29) seems to describe the heat balance of such basal
boundary layer. Its thickness H b = 10 m implies that you assume Pe to be even larger than 10.
Nevertheless, the mechanism of delayed cold ice delivery to the bottom layer is absent in equation
(29) and replacing it with conduction term (34) is very difficult to justify. Obviously, the absence of the
vertical-temperature-advection timescale may have significant implications for the entire system
dynamical properties.

Respectfully,
Mikhail Verbitsky
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Thank you very much for clarifying your concern about Equation (29). Our approach was to keep the
thermodynamics as simple as possible in order to characterize how different temperate base timescales
influence the basal dynamics in the ice sheet. Thus, we assumed a heat balance between heat fluxes

into the base ( hgeo and hdrag) and out of it. Therefore, we assumed cooling given by the temperature
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difference between the atmosphere and the base (/cond). Note that here, we understand “base” as a

layer of thickness Hy . We were perhaps a bit careless when assigning to it a fixed value of 10 m

without checking the Peclet number relation Hp = P e 2 H , which would indeed yield a much
larger value. We thus acknowledge your comment. Lastly, we had eliminated the advection term
because its contribution was negligible and because we understood that its effect was accounted for by
hcond | in the sense that the air temperature needs more time “to be delivered” to the base if the ice
sheet is thicker. However, we understand that your more rigorous approach needs to be taken into
account. Therefore, in the revised version of the paper we will explicitly include an advective term,
Nadv, and change Eq. (30) to

d,Tice P€1/2
At o prc- H (geo + harag + frcond + haav)

where
T —T;
hcon — k. ice
T H (1 Pe?)
h o . T — ,-Tice
adv = Cice * Pice * S * m,
and by definition,
p H — H, . H .
€= ——— " Pice " Cice " S = 7 * Pice * Cice " S
ke " e P

Note that we removed the dependence on 5 since it entails a second order variation on the heat

fluxes (given that the dependency of Hs on the Peclét number is already contained, e.g. Pe /2 in
the denominator) and we let the Peclet number evolve according to H and the vertical velocity scale,
that is assumed to be the snowfall $.

We show in Figure CC2.1 below the THERM configuration applying the new equations for the same
set of parameters. We have taken the advantage of improving the thermodynamics, following your

suggestion, so we can now use a value of hgeo of 50 mW/m? (instead of the former 5 mW/m?), much
closer to observations for North America and Europe. The 100 kyr periodicity is produced but still
lacks appropriate time and shape. Thus, our conclusions regarding thermodynamics do not
substantially change. The reason for this is that, under the THERM experiments, what ultimately
controls the timing and amplitude of the deglaciation, is the required time for the base to become
temperate, allowing the enhancement of basal sliding. With our former thermodynamics we were
already exploring the phase space of this phenomenon (mainly through different values of t@uUxin).
Yet we very much appreciate your comments and suggestions which we believe are contributing to
improve our model.
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Figure CC2.1. Comparative plot between the old (blue) and the new (orange) THERM configuration.
We now summarize the main changes that we consider to be implemented in the document:

1. We will add a variable for the typical horizontal spatial scale of the ice sheet following your
suggestion L = c- H ? for the driving stress (Equation 10). However, we will keep Locn as a
constant when calculating ice discharge (Equation 3).

2. We will clarify some terms and add some references that we consider relevant thanks to your
comments.

3. We will modify the thermal balance in the basal boundary layer equations.
Finally, we would like to emphasize again that even though these comments are useful and have
changed a few things in the manuscript (requiring recalibration in some cases), our results are
qualitatively very similar and thus the conclusions are robust.
We hope our answers clarify your concerns.
Best regards,

Sergio Pérez-Montero et al.
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Response to Mikhail Verbitsky comment (CC3)

Dear Mikhail Verbitsky,

Thanks again for your comments. We hereafter respond point by point:

Dear Sergio Pérez-Montero, Dear Colleagues,
Thank you for considering my comments.
1. Unfortunately, your equation CC1.1 is also problematic because it implies that ice sheets that do not

have a boundary with an ocean (Locn = 0) have ice discharge 4 — 9.

We disagree. We are not trying to simulate any ice sheet with equation CC1.1. We are aiming at
estimating, in a spatially adimensional manner, the ice discharge of past Northern Hemisphere ice
sheets, whose potential contact with the ocean is determined by their geographical distribution.
Perhaps, Loen should rather be called “potential” or “maximum ocean boundary”. And, the way of
interpreting Locn is the following: according to equation CC1.1 and a given positive surface mass
balance: an ice sheet with a low L... would need a high ice discharge in order to be in equilibrium (
dH/dt = 0) Conversely, an ice sheet with a greater contact with the ocean (a high Lo ), would require
(and show) a smaller ice discharge to be in equilibrium for that same surface mass balance. In any
case, the relevant consideration regarding equation CC1.1 is whether the ice discharge 4, scales well
with v - H or some other relationship is better. We will show that indeed ¢ = ky-v-H isqa good
approximation, k1 simply being 1/ Locn . Therefore fixing Loen to a non-zero value is entirely
justified (see below).

Let us return to the basics. The total mass balance of an ice sheet can be written as
A(HS) §£ /hg
=S — v,dzd
ot A
4

Here S is the area of an ice sheet, | is the grounding line,

h

9, Vg are ice thickness and normal velocity

h
f / gVgdzdy
0

at the grounding line, correspondingly. Indeed, the parameterization of the term isa
difficult task because at the grounding line ice thickness h — 0, but ice slope Oh/dr — oo

The ice thickness at the grounding line does not tend to 0. By definition the ice thickness must not be
0 there, otherwise it would not be a grounding line. Furthermore, the ice thickness at the grounding
line (the mean value in Antarctica is about 220 m) is generally very similar to its surroundings,
particularly in ice streams, because of the quite flat surface, and can sometimes be even higher than at
its upstream vicinity. Also, the ice slope at the grounding line tends to be infinite only for the cases in
which there is not downstream floating ice at all, which is a very rare case in Antarctica and unusual
in Greenland. We believe this misinterpretation (h — 0 and the slope to infinite at the grounding
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line) is inherited from a rigid view of how the spatial profile of an ice sheet must be, and it frames
your concerns regarding our chosen approach for the ice dynamics.

You are not the first ones who face this challenge. For example, in 1980, as a PhD student, I had to present my work
to G. I. Barenblatt, and I was honored to be schooled by him about this term. I am not going to advocate

here necessarily for the parameterization that was adopted as the result of this conversation (we can

always discuss it off-line if needed), but if you want to continue to scale the above mass balance the same

way as you did before, then your mass discharge q should be proportional to

LOCH
@~ H ccs.1
Your proposed equation has, in turn, a really problematic feature: that the ice discharge will
dramatically increase when H is small. Because L = c - H?, your suggested equation for ¢ will go

as V/H 3, which we believe is not appropriate. Nevertheless, we have tested both the validity of our
former equation and the proposed one for ¢ by running a Northern Hemisphere glacial cycle with a
state-of-the-art 3D thermomechanical ice sheet model, Yelmo (Robinson et al., 2020). The cycle is
driven by a glacial index (e.g. Zweck and Huybrechts, 2005; Banderas et al., 2018) that weights the
temperature and precipitation anomalies given by the PMIP3 climate models. Our simulation is shown
in Figure CC3.1 in terms of the relative sea level elevation (RSLE) from 120 kyr BP to present day
and four snapshots of ice velocities and ice thickness. This simulation was intended to be
representative of the last glacial cycle (but not particularly tuned) and uses the same physics that
Moreno-Parada et al. (2023), which shows good results in reproducing the last glacial maximum.
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Figure CC3.1. Last glacial cycle simulated using Yelmo. Here we represent the relative to present day
sea level elevation (RSLE) and different snapshots marked with their respective symbols of ice
velocity (coloured) and ice elevation (the lines represent elevation isolines every 1000 m).
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Using the ice velocities and thickness simulated by Yelmo we can diagnose the ice discharge using the
two methods explained above (the current PACCO approach and your suggested equation (Eq.
CC3.1)), and compare them to the simulated ice discharge by Yelmo, ¢velmo, (Figure CC3.2). In the
calculation we set the constants 51 and k2 so the diagnosed ¢ are in the best possible agreement with
the simulated ice discharge velmo. As can be seen in Figure CC3.2, our approach shows a diagnosed
g, which is much closer to gveimo. Using the suggested Eq. CC3.1 implies an underestimation of the
ice discharge for half of the cycle. Note that, even setting a minimum value of H to 700 m (to avoid
an explosion of ¢ when H is small), your suggested equation clearly overestimates q at the beginning
and the end of the cycle and underestimates it from the inception to the deglaciation. In conclusion,
our approach is appropriate to simulate the mean state of the ice discharge of the ice sheet.
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Figure CC3.2. (black) ice discharge calculated in Yelmo compared with the diagnosed ice discharge
using (blue) PACCO formulation and (orange) the proposed formulation based on the ice sheet
profile.

“2. I am afraid my advocacy of the vertical temperature advection has been misunderstood. Within the

basal boundary layer the vertical temperature advection is indeed negligible. What I meant is that regional
air temperature T, that goes into calculations of your Reona is not instant T(t) but it is temperature ‘‘from the

past’, i.e., T= T(t - T) where T = H/S is the vertical-temperature-advection timescale, i.e. time of the
temperature “delivery” from the ice-sheet free surface to the upper boundary of the basal boundary layer.
Respectfully,

Mikhail Verbitsky”

Thanks for your clarification. We think that the delay is somewhat captured by both the Péclet number
and Tkin. On one hand, we now let the advective regime determine the basal boundary layer thickness

following your suggestion 4 = H - P 6_1/2. On the other hand, our sensitivity analysis (shown in
the current version of the manuscript) shows that we explore the enhancement of basal sliding across a
large range of kinematic wave times, 7kin. And we find that these timescales represent the delay you
propose. The explored phase space would not change substantially given that 7«in already captures the
relaxation effect in the “temperature delivery”. Ultimately, playing with thermodynamics aims to
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capture the phenomenon by which the base becomes temperate, and explore the impact of it being
higher, lower, faster or slower, in terms of its effects on ice sliding activation. In short, we aim at
showing how a thermodynamically activated basal sliding affects deglaciations. And that is already
largely explored in the current version of the manuscript and will be even more robust thanks to your
comments.

This process has helped us to refine the manuscript and gain further confidence in our formulations,
which are of course, just one of many possibilities. We believe PACCO represents a useful model for
exploring glacial cycles and hopefully this is clear through its presentation.

Respectfully,
Sergio Pérez-Montero et al.
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