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We thank both reviewers, editor Manuel Chevalier and the Copernicus Editorial Team for their help
with improving our manuscript. Below we compile all reviewers’ comments in blue, our responses
in black and manuscript modifications in bold red. In the modifications we refer to the line
numbers in the revised manuscript.

Referee Comment 1 (RC1) by anonymous referee
[0] The paper from Mateo Duque-Villegas et al. uses MPI-ESM v1.2 for the past 134 ka to
simulate northern African hydroclimate and vegetation to reconstruct past AHPs. It aims
to construct a pattern scale model to estimate AHPs of the past 800 ka. The model uses
forcing variables (insolation, ice volume, and GHG) and is tested against proxy variables
such as d18O (vs. 2K T), dP (vs. L*), and vegetation (vs. isotopic depletion and dust).
Then, past AHPs are defined as peaks in the pan-Saharan vegetation coverage (%) and
analyzed spatially. Here, EOFs capture dominant patterns of vegetation change, which are
used to fit a linear model between the forcing variables and the PC1. They state orbitals
influence around 66% of the linear model outcome. Next, the pattern scaling is applied
and compared against MPI-ESM output, showing a trustworthy approach and extending
the temporal extent back to 800 ka. The comparison with the Saporpel record from the
Mediterranean does show a good agreement when using some arbitrary thresholding. Last,
the pattern scaling approach and their MPI-ESP are used for future SSP scenarios with
moderate and intensive GHG emissions for the coming ten kyr. Differences are observed,
mainly when the pattern scaling linear model is used for the intense GHG emissions, as this
quasi-empirical model has no data example for that.
[1] The paper presents an insightful, well-written approach and uses well-curated figures
to show its results. The paper structure is sometimes unusual with literature work and
comparisons and discussions within the result section and, therefore, a short discussion
section due to the linear progressing type of analysis. I like it, but others can see this
differently. The length and the grade of detail are sufficient and allow fluent reading.
[2] The method and the presented results seem logical and reasonable; no significant flaws
were detected by my side, even though I am not an expert in GCMs, especially not for this
model. Therefore, from my modest perspective, I see the paper as acceptable, but there are
some suggestions and comments from my side:

Major comments
[3] The temporal framework in which the model results are presented is based on glacial
cycles and the marine isotope stages, whereas the research target is mainly tropical. There
are arguments to see this as problematic, as it can be a north-western perspective that
acts as a framework to understand tropical climate, leading to false reasoning about forcing
factors. They may also lead to false conclusions when they are used to discussing tropical
climates if NH climate implications are applied. In contrast, cycles of the Monsoon Index
could simply be counted and labeled, or absolute ages could be used.
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Indeed, the focus of our study are the tropics, but our simulations are global, and we discuss
the climate and vegetation changes in northern Africa in a global context. We find the MIS
terminology useful, because it characterizes the (background) state of the global climate
system while the changes in the Sahara occurred. Many of the proxy data publications
of late Quaternary climate change in northern Africa also include such MIS referencing
(e.g. Ehrmann et al., 2017; Grant et al., 2022; Rossignol-Strick, 1983; Skonieczny et al.,
2019; Tierney et al., 2017). Alternative labelling such as AHP1, AHP2, etc., or AHP of
Monsoon Index (MI) 1, AHP of MI2, etc. would not provide such a global context. We
would be surprised, if the MIS terminology would lead to false reasoning about the forcing
factors. We clearly specify the forcing factors in terms of the (tropical) Monsoon Index
for scaling (although the numerical simulations are driven by the global changes in the
meridional insolation), the radiative forcing changes linked to GHG changes, and the extent
of Northern Hemisphere ice sheets (although the prescribed Antarctic ice sheet also changes
slightly in the numerical simulations). Nevertheless, we agree that the absolute ages should
be clearly stated. In a revised version of the manuscript, we will explain our use of MIS
labels to identify the four AHPs, as well as make sure absolute ages accompany their first
appearance in the text.

We added a new sentence in lines 111–112, briefly explaining our use of MIS labels. We
added also approximate ages for MIS 5c and 5a in line 177, and for MIS 1 in line 213.

[4] The draft presents its results mainly as a cost-efficient estimation of past AHP patterns
based on the simple linear fit. However, the fit itself is of interest, as it shows that orbitals
are the main drivers of AHPs, not GHGs or ice sheets. Why is this not presented as an
exciting result to be discussed?
We agree with the reviewer that our result regarding the dominance of orbital drivers is
exciting. We published this result already in a previous paper (Duque-Villegas et al., 2022),
but we are happy to re-iterate that also the more complex model exhibits this dominance
in the forcing factors (previously we used an intermediate complexity model). In a revised
version of the manuscript, we will explain in the discussion section how both studies are
connected by this finding.

We added a new paragraph in lines 388–395, highlighting this connection between studies.

[5] Vegetation and vegetation feedback are non-linear and have multimodal distributions.
However, EOF assumes unimodality and works better with a Gaussian distribution. How is
this considered?
We discuss the linear limitation of our scaling approach in the discussion section (lines 392
ff.). Indeed, such non-linear climate-vegetation interactions appear in the simulations with
the numerical climate model, as we show for the Sahara in Fig. 2. However, the feedback is
not as strong as seen in our previous application with an intermediate complexity model, and
we suspect part of the success of our EOF method could be attributed to this rather weak
feedback. Moreover, the problem of spatial heterogeneity in the local vegetation responses
clearly limits the applicability of our uni-modal EOF approach, yet we argue the method
should be capturing a common general trend of change imposed by the forcing factors we
consider, all other things being equal. At least at our working horizontal resolution (grid
spacing of about 400 km) we find such an uni-modal response that explains much of the
regional variability along glacial cycles. We will emphasize these issues in a revised version
of the manuscript.

We added a short sentence in line 418 explicitly justifying the uni-modal approach.

Minor comments
[6] L5: Capitalize African Humid Period (AHP)?
In a revised version we will capitalize the AHP.

We capitalized AHP in lines 2 and 19.
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[7] L25: „1.7 ka to 4.2 ka,“ Where are these definite numbers from? There is a reference
needed. Also, a broadened perspective on when, where, and how the AHP ends would be
helpful (e.g., abrupt/ gradual, eastern vs. western Africa, or N-S transect, e.g., Shanahan
et al., 2015)
The missing reference is Claussen et al. (2017), but we agree that with the broadened
perspective we do not need such precision in the ages. In the revised version, we will briefly
mention the spatial heterogeneity and abrupt and gradual changes making also a reference
to Dallmeyer et al. (2020).

We added the reference in line 26 and a new sentence in lines 29–32 making mention of
the spatial complexity.

[8] L110: Marine sediment reflectance is rapidly introduced here and would need some more
explanation for the non-marine audience
The revised version of the manuscript will include a sentence in the main text next to the
citation of the Cariaco Basin record.

We added a new sentence in lines 149–151, giving more context about the proxy.

[9] L115: More wording could be helpful to explain that the output of the model is compared
to proxy results and other model insights
The revised manuscript will include an opening paragraph to introduce in such way the
results section.

We added a new paragraph in lines 122–126 that introduces the results section.

[10] L145: Eastern Africa instead of East Africa, as East Africa refers to the colonial name,
whereas eastern Africa is the geographical term
We thank the reviewer for the clarification. This will be corrected in the text.

We corrected this in the caption of Fig. 2 and lines 157, 233, and 412.

[11] L165: If the last AHP, which has the best ground truth so far, is not correctly recon-
structed, how do we assume the model works correctly?
The climate model we use has similar assumptions and biases as other state-of-the-art general
circulation models (GCMs). It is periodically evaluated as part of model inter-comparison
palaeo-experiments (Braconnot et al., 2012; Brierley et al., 2020). Recent evaluations of the
simulated Holocene show the model aligns well with general trends in current proxies for
northern Africa and globally (Dallmeyer et al., 2020, 2021). Combined with several deglacia-
tion experiments since the Last Glacial Maximum until present, which were performed with
the same model (e.g. Dallmeyer et al., 2022; Kleinen et al., 2023), it gives us confidence the
model tends to work reasonably well, at least in broad agreement with current evidence, al-
though with the known limitations of GCMs. It was those previous applications that alerted
us that the Holocene AHP should not have appeared as weak as it did. The extent to which
a weak Holocene AHP affects our analyses and the pattern-scaling is difficult to measure,
but we do not expect that our results would be qualitatively different.

We added a new sentence about this in line 369.
[12] L235: I think this is an exciting output of the study as it shows, with a simple lin-
ear model, the contributions of the forcing factors to Africa’s climate heartbeat. For the
last sentence, I would pronounce the weakening of the orbital forcing without necessarily
increasing NH forcing on tropical African climate.
We agree with the reviewer on rather emphasizing the role of the weakening of the orbital
forcing in the last sentence.

We modified the sentence accordingly in line 251.

[13] L325: Indeed, pattern scaling is an empirical method, and there is no precursor to
having the model trained on, so it is extrapolating; hence, reaction patterns to this GHG
forcing are simply unknown.
We thank the reviewer for the clarification. In spite of the uncertainty in such extrapolation
we find it interesting to discuss jointly the output of the dynamical numerical model and
the pattern scaling in such future scenarios, as a way to understand the differences between
changes driven mainly by Earth’s orbit or GHGs.

We adjusted our wording in line 351 to reflect this.
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[14] L375: An AHP SW-NE tilt exists in the Krapp et al. (2021) dataset, foremost in the
MAP. It is weak and underestimated compared to the terrestrial observations, but it exists.
We thank the reviewer for pointing this out, since we had only looked at the biomes output.
We will revise the comparison with this dataset.

We removed our wrong assertion in line 400.

Referee Comment 2 (RC2) by Shivangi Tiwari

General comments
[0] In my view, this study is very interesting and relevant, and quite novel. Barring some
grammatical problems, the manuscript is well-written in terms of coherence and flow and
the figures are well-made. In my view, it is certainly a study which should be published and
would be of interest to the paleoclimate community (especially AHP workers). However,
it requires some revisions before publication. There are two major issues that the authors
should address:
[1] 1. The under-estimation of the Holocene AHP is critical. This is not just because the
model may be under-representing AHPs in general, because that would hopefully apply
to all simulated AHPs and hence not greatly affect the linear scaling. The issue is that
the proposed mechanism (unexpected MOC variability) for this under-estimation appears
to apply only to the Holocene AHP. It appears to me that similar MOC variability also
occurred before the AHP in MIS5e. Does it lead to a similar under-representation of that
AHP? In any case, either one or both of the interglacial AHPs are under-estimated but the
other two are not. Can a linear scaling model really be applied in this case?

To clarify: my issue is not with the scaling of the orbital forcing, which is evident in
Fig. 1a. Intuitively, this would likely lead to a scaling of the AHP representation. My issue is
with the ability of your simulations to show this scaling given the imbalanced representation
of the different AHPs.
We agree with Dr. Tiwari that the under-estimation of the Holocene AHP is important,
however, we do not expect that it alone can upset greatly the relationship we find in concert
with the other AHPs. Since orbital changes appear to be the dominant forcing of AHPs
in the past, the limitation that other processes/forcing factors operate in some AHPs (e.g.
AMOC variations), but not all, is tolerable for applying a regression model. It certainly
has an impact on how well the individual AHPs are represented by the regression model.
It is important that the influence of the orbital boundary conditions is clearly visible in
all AHPs and is not masked by another process. Nonetheless, we are confident that only
the Holocene AHP was affected by some odd MOC variability that appeared after the
strong Meltwater Pulse 1a (MWP1a) near 14.4 ka. The MOC variability near the AHP of
MIS 5e is not as great (away from 0 Sv in Fig. 1e) and is in line with the discharges of
the ice-sheet reconstruction. Compared to our previous other (shorter) simulations, only
the Holocene AHP appears disturbed, while the AHPs of MIS 5 appear consistently as in
previous simulations. Therefore, even when the model is under-representing AHPs in general
(dry bias, line 390 ff.) we believe the linear relationship we establish should remain valid.
In a revised version of the manuscript we will mention in the main text parts of Appendix
B that refer to the previous experiments that make it clear only the Holocene AHP was
unexpectedly weakened by AMOC variations.

We added a new sentence in line 181 to explain why MIS 5e is expectedly affected by
AMOC.
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[2] 2. To me, a study of the future where ice-sheets are kept unchanged is meaningless,
especially when ice volume is one of three predictors. I’m afraid the point of Section 3.6 is
quite lost on me. From my viewpoint, it would be a perfectly good and “complete” study
without attempting to simulate the future climate (imperfectly) as well.
We agree with Dr. Tiwari that the assumption of unchanged ice sheets over the next 10 kyr
is a bold one. Indeed, ice volume as a predictor in our method is mainly important for past
glaciation cycles, while for the two future scenarios it remains neutral. However, we do not
think that it is meaningless. Specifically, we refer to the study by Ganopolski et al. (2016),
where they suggest that only in the case of decreasing CO2 concentration we can expect
some increase in the ice sheet extent. In other cases, their simulations suggest a nearly
constant or smaller ice extent. In a revised version of our manuscript, we will emphasize
that our assumption of a constant ice sheet extent over the next 10 kyr is only a very first
approximation. We suppose that this assumption will only marginally affect our conclusion
that the possible future patterns of Saharan greening do not look like the patterns of the
last 130 kyr.

We added a new sentence in line 114 mentioning our approximation.

[3] Another relatively minor issue is that I would have liked to see more evidence in favor
of their scaling approach for ancient AHPs through more extensive comparison with other
proxy records or modelling studies. This is discussed briefly, but to me, elaborating this
would be most beneficial in reinforcing the applicability of this technique to ancient AHPs.
We agree that it is key to evaluate our simulations and pattern scaling method with available
sources. We compare our findings with some marine proxies and a few other modelling
results, but we keep it brief because we do not think that a “more extensive comparison” is
possible yet. Only for the Holocene AHP more extensive comparisons have been made and
we refer to some of them which are linked to our climate model (e.g. Dallmeyer et al., 2020),
but for the AHPs of MIS 5 the proxy records are too few and fragmented, and therefore
evaluation or inter-comparison of climate models is still work in progress (e.g. Otto-Bliesner
et al., 2021).

Paragraph in lines 381–387 clarifies difficulties in comparison with records.

Specific comments
[4] L18: Perhaps deMenocal et al. (2000) is not the best reference here, because you mention
water bodies and expansion of vegetation cover only.
In a revised version of the manuscript we will mention that such covers modulated dust
output to the Atlantic Ocean.

Modified accordingly in line 18.

[5] L22: I don’t think our understanding of the extent and timing of the AHP changes
depends on climate simulations (and their discrepancies with records), but instead, it is
more to do with the proxy data limitations is well taken. You could highlight the point
about the discrepancies in a separate sentence.
We agree with the reviewer that the sentence lacks clarity.

Modified accordingly the sentence in lines 23–24.

[6] L25: The references Blanchet et al., 2021 and Ehrmann et al., 2017 are not really wrong,
but perhaps misplaced here.
We agree they can be omitted here.

Removed the misplaced references.

[7] L32: You should either provide a reference for the second part of the sentence which
focuses on climate models, or break this sentence into two and present the second part as a
general point.
We will refer to Tierney et al. (2020) where they mention computational expenses in palaeo-
climatology.

Added reference in line 36.
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[8] L54: Both the references are related to the Holocene AHP only, hence misplaced in a
paragraph that focuses on ancient AHPs. You could cite the same papers but to say that
this is a problem with the Holocene AHP simulations which may extend to the ancient AHPs
too (depends on the point you want to make, of course).
We agree it is important to make this distinction in a revised version.

Adjusted the sentence and removed references in lines 57–58.

[9] L109: Keeping ice sheets unchanged at present day levels is a critical limitation, in my
opinion.
As discussed in a previous point, we will refer to the study by Ganopolski et al. (2016).

We added a new sentence in line 114.
[10] L138: This is confusing. What is the simulation offset from: the proxy record or the
orbital monsoon index? It looks like both to me (at different times). In Fig. 1f, the model
precipitation shows more variability and the proxy record is smoother. I see from the figure
caption that the proxy record is smoothened, but it would be helpful to mention that here
too.
We thank the reviewer and we will clarify this in a revised manuscript.

We modified the sentences in lines 151–153 for clarity.

[11] L157: Is this lag not related to the time taken for vegetation to develop and fully expand
over the region?
This is also likely a cause for a lag, but only of a few centuries. In a revised version of the
manuscript we will explain it is most of the lag what is related to the orbital configuration.

We modified accordingly the sentence starting on line 171.

[12] L164: Wouldn’t the effect of the MOC variability apply to MIS 5e too?
Yes, but the difference is that the MOC variability during MIS 5e is expected because it is
part of the meltwater discharges related to the ice-sheets reconstruction, while in the case
of the Holocene it is unexpected because the meltwater discharges are not so large that they
should cause such AMOC variations (see AMOC in Kleinen et al. (2023)).

We added a new sentence lines 181–182.
[13] L303: I think it is key to quantify how many of the simulated AHPs do agree with
sediment core signals, since that would be the most robust evidence in favour of applying
this linear scaling to ancient AHPs.
We will add this number in a revised version of the manuscript.

We added the number on line 316.
[14] L327: I think this is a crucial limitation of applying your linear scaling model to the
future. Simulating the future with invariant ice-sheets is both unrealistic and meaningless.
It is additionally problematic if your linear scaling model has an ice volume parameter. For
me, the Section 3.6 does not hold any meaningful results and I do not see the point of
including it in the manuscript. (Perhaps the significance has eluded me, and the authors
could explain it better.)
We addressed this point in a previous comment. We think it is meaningful to contrast
Sahara greening patterns according to different dominant drivers (orbit vs. GHGs), at least
as a very first approximation.

No action.
[15] L335: Independently of the previous comment, I would argue that it is not correct to say
that the simulated pattern “does not resemble any of its AHP predecessors”. The absence
of the northward vegetation expansion along the west coast is strange, but hardly the only
criterion to be employed. (I see a decent zonally-extended expansion and also a meridional
pattern in eastern Africa, for example.)
We thank the reviewer and we agree this should be fixed in a revised version of the
manuscript.

We adjusted the sentence in line 348 accordingly.
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[16] L336: I don’t think either of the papers cited is appropriate for a comparison (or for
showing agreement) here. Neither discusses the time after 9 kyr. Pausata et al. (2020)
discuss the future in terms of geoengineering projects only. If you would like to keep this
statement, please clarify how those studies have results similar to the differences you’re
talking about.
We thank the reviewer for pointing this out. Indeed Pausata et al. (2020) is misplaced here,
and it should have been Gaetani et al. (2017). The relevance of D’Agostino et al. (2019)
and Gaetani et al. (2017) is because both studies look at the response of the West African
Monsoon under high GHGs scenarios. Although the orbital configuration at 9 kyr AP is
different in our experiments (and explains part of the Saharan greening), we argue that the
effects of the high GHGs scenarios is comparable across these studies and ours.

We adjusted the references and wording in lines 349–351.

[17] L337: I see that this is the same point I was trying to convey earlier. However, I don’t
think it really qualifies to be a “result” of this study, but is instead a foreseeable limitation.
In a revised version we will rephrase this to clarify that this is an expected limitation of our
scaling approach because the fitting data did not include such ranges of GHGs because they
did not happen during the late Quaternary.

We adjusted the sentence in line 351 to explain how this is a limitation by design.

[18] L369-370: This line is unclear. How are you comparing vegetation changes with precip-
itation changes from a model-data comparison? This is the first mention of any comparison
with Scussolini et al. (2019). The results from the comparison should be mentioned some-
where in the Results section before.
In a revised version we will clarify the qualitative nature of this comparison and its limita-
tions.

A new paragraph in lines 381–387 clarifies this brief comparison.

Technical corrections
We appreciate all the suggestions and will address them in a revised version of the
manuscript.

All suggestions were addressed in various places in the text.
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