Review#1

The authors conducted two sets of experiments: one for the pre-industrial (P1) period
serving as a control, and another for the Middle Miocene. Within each set, they
examined two orbital configurations (orbmin and orbmax), analyzing seasonal and
spatial patterns of air temperature across these different configurations. While the
modeling results are interesting, the study's motivations remain somewhat unclear. |
recommend major revisions to ensure the model results are discussed more
appropriately and the research objectives are better articulated.

We thank the reviewer for the constructive comment. We have substantially revised the
introduction to (1) characterise the distinctive Miocene background climate, (2)
summarise the orbital-scale variability recorded in proxies, and (3) clearly state that the
aim of this study is to examine how the Miocene climate responds to seasonal—
latitudinal insolation anomalies. The revised structure ensures that the motivations
align directly with the analyses presented in the manuscript.

In the introduction, the authors review a range of literature documenting global mean
climate changes across G-I1G cycles during the (Late) Pleistocene. Similarly, in the
third paragraph, they cite several benthic $'*O reconstructions (Holbourn et al., 2007;
Tian et al., 2013; Westerhold et al., 2020, etc.) to highlight how global climate also
oscillated in response to orbital forcing during the Miocene. It is important to note that
these studies primarily examine how global mean climate varies in relation to boreal
summer insolation (i.e., changes in the seasonal distribution of insolation). However,
the analyses presented in this manuscript do not address the mean and magnitude of
global climate variability; instead, the discussions focus exclusively on seasonal and
spatial patterns. In fact, the manuscript does not provide any estimate of global mean
surface temperature under different orbital configurations. As a result, the motivations
outlined in the introduction appear largely disconnected from the rest of the paper.

Many thanks for this insightful comment. We agree that the previous introduction
unintentionally suggested a focus on global mean climate changes. We now clarify
explicitly that our objective is not to reconstruct glacial-interglacial-scale global-mean
variation, but rather to examine how a warm, low-ice Miocene climate responds to
seasonal-latitudinal insolation anomalies.

Regarding global mean temperature, the values are reported as global mean air
temperature (GMAT) in Table S1. As expected for precession-dominated forcing, the
annual-mean changes are small, while the largest responses occur seasonally and
regionally. This distinction also reflects a broader challenge in data—model
comparison: proxy records typically carry seasonally biased local signals, while
climate models provide spatially and temporally continuous fields. This mismatch can
complicate interpretation (e.g. the well-known Holocene temperature conundrum,
partly seasonal and spatial problem, because when compiled records from different
latitude, they give different results).

The revised introduction now clearly frames why estimating the sensitivity of the
Miocene climate system to seasonal insolation anomalies is essential, and directly
connected to our results.
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Another drawback, in my opinion, lies in the underlying assumption of the
experiments. This is illustrated by lines 85-86: “A cold-orbit simulation with minimum
Northern Hemisphere (NH) summer insolation (orbmin), and a warm-orbit simulation
with maximum NH summer insolation (orbmax), were performed for both the
preindustrial (PI) and the Miocene.”

Why should one expect a warmer equilibrium climate in response to stronger Northern
Hemisphere summer insolation (NHSI) during the Miocene? The phase relationship
between NHSI and global (mean) climate described here is primarily based on
observations from the Pleistocene and is likely influenced by boundary conditions
specific to that period—such as the presence of large Northern Hemisphere ice sheets
and the way ocean circulation modulates the global carbon cycle. There is no evidence
that these conditions existed during the Miocene.

In order to determine the phase relationship between Northern Hemisphere summer
insolation (NHSI) and global climate, we need a precise orbital-scale chronology that
is independent of astronomical tuning—something that is currently unavailable for the
Miocene interval. In other words, one could equally hypothesize that the Miocene was
warm during periods of weak NHSI (and thus stronger Southern Hemisphere summer
insolation) due to a reduced continental ice sheet and/or higher pCO2, potentially
resulting from, for example, enhanced deep-ocean ventilation. In this scenario, the
spatial climate responses could also differ significantly from those simulated in this
study.

Thank you for this thoughtful comment. We fully agree that the phase relationship
between Northern Hemisphere summer insolation (NHSI) and global climate in the
Pleistocene cannot be assumed to apply to the Miocene, given the very different
boundary conditions and the absence of large Northern Hemisphere ice sheets. This is
precisely why we performed the orbital sensitivity experiments: to test whether the
Miocene climate system responded differently from the PI climate under the same
insolation perturbations.

Our approach does not assume that stronger NHSI must lead to a warmer global
equilibrium state in the Miocene, although we admit that the use of the terminology
“cold-orbit”/ “warm-orbit” was influenced by Quaternary climate studies and may not
be appropriate for the Miocene. To avoid any confusion and misunderstanding, in our
revised manuscript, “cold-orbit” and “warm-orbit” are not used anymore, and “orbmin’
and “orbmax” are replaced by “NHIS min” and “NHIS max”, respectively.

b

That said, if this paper is published without a major redesign of the experiment, the

author may wish to revise the introduction to clearly articulate and define the scope of
the research, clarify the underlying assumptions, and highlight the major limitations—
ensuring readers are aware of the study’s potential biases, constraints, and motivations.

Thank you for the suggestion. We have substantially revised the introduction to better
articulate the scope, assumption, objectives and limitation of our study.

Some minor points:
Line 26: The Southern Ocean warms unexpectedly

Why “unexpectedly”
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We mean that the Southern response is different from what we would expect from local
insolation change and from the PI phasing. This has been rephrased as “reversed
Southern Ocean anomalies under low insolation, where poleward-restricted Miocene
sea ice enables winter insolation changes to trigger positive ice-albedo feedbacks”.

Line 27: “Lower internal temperature variability in the Miocene”
What do you mean by “Lower internal temperature variability”?

We mean that the temperature difference between orbmin and orbmax in the Miocene
was smaller than PI’s. This has been clarified as “weaker orbital-scale temperature
response”

Line 37: “glacial-interglacial cycle through climate feedbacks (Milankovi¢, 1969).”

The original work was published in the 1940s. Are you certain Milankovitch had any
understanding of climate feedbacks at that time?

Thank you for this question. Milankovitch’s work demonstrates that he had considered
climate feedbacks (in particular the thermal effects of insolation and the snow and ice
feedbacks) in his climate model (see his 1941 book or a summary of his work by
Andre Berger 2021, https://doi.org/10.5194/cp-17-1727-2021). As his 1941 book is the
best known, we now cite this book and the subsequent studies.

Line 70-72 “it explores how the absence of NH ice sheets, expanding Southern Ocean
sea ice and strengthening monsoon rainfall shape Miocene orbital-scale climate
variability on orbital scale.”

What evidence suggests that there was expanding Southern Ocean sea ice?

We meant sea ice expansion during the late Miocene with climate cooling down. But
this has been removed in the reorganized introduction.

Line 80: “MioMIP2 protocol”

What is the MioMIP2 protocol? What is its source? How does it differ from the
MioMIP1 protocol?

MioMIP2 refers to the 2" phase of MioMIP (submitted). and have for MCO, and a bit
of ice sheet in Greenland. We will update the reference when the protocol becomes
publicly available.

Line 242: rather than the 40 ka and 100 ka cycle of the Pleistocene

10 ka cycle?
There is a typo with 10Kka, it should be 100ka. We have fixed this.



