
Response to Reviewer 1 

We sincerely thank the reviewer for the detailed report and for the constructive criticisms, which will 
be very useful for improving our manuscript. Before addressing each comment in detail, we would like 
to briefly respond to the main points and clarify our overall strategy. 

In the current version, we focused exclusively on steady-state examples, in which the ice sheet evolves 
toward equilibrium with the corresponding climate and vegetation. This approach is particularly 
suitable for investigating deep-time climates, such as those, for example, of the Early Triassic, where 
paleogeographic reconstructions provided by PANALESIS or paleoMap do not include ice sheets or 
account for isostatic adjustments. Nevertheless, the climate conditions in the Early Triassic could be 
sufficiently cold to allow ice sheet formation, as demonstrated in previous numerical experiments 
conducted within our group (Ragon et al., 2024). Thus, it is relevant to have a tool that allows to estimate 
extent and volume of potential ice sheets in such cases. Despite the long response times of ice sheets to 
climate fluctuations we feel our steady-state approach is justified since for these deep-time climates, we 
do not have the (relatively) high temporal resolution that we have for more recent epochs. 

However, before applying our coupled setup to deep-time climate configurations, it is essential to verify 
whether the model is capable of reproducing a plausible ice sheet that is in steady state with the 
preindustrial climate. We use the term “plausible” to acknowledge that the preindustrial ice sheet was 
not strictly in steady state with the climate as continental ice sheets have response times of thousands 
of years, and preindustrial climate fluctuations are over a shorter time scale than this, but still we expect 
the steady states to be at least qualitatively similar. Therefore, we focus on the preindustrial ice sheet 
starting from the bedrock topography (run1: preindustrial (PI) state). 

Regarding run2, which represents how the ice sheet changes for a larger CO₂ value until a steady state 
is reached, we agree with the reviewer that this experiment cannot be directly compared to observations, 
as the latter reflect transient, forced conditions. The purpose of run2 was to verify that the modelled 
responses of the climate, ice sheet, and vegetation to a warming scenario are consistent with those 
obtained for the PI state (in terms of ice sheet and vegetation, in particular). As expected, the equilibrium 
state reached at 360 ppm CO₂ is warmer than reanalysis data. 

We therefore agree with the reviewer that including a transient simulation would be more appropriate 
for comparison with forced conditions. In the proposed transient experiment, the ice sheet is kept fixed 
at its PI configuration, while the responses of the climate and vegetation are examined under a gradual 
increase in atmospheric CO₂ concentration from 280 ppm to 360 ppm. This transient simulation can be 
readily performed with our coupled setup and will be compared to available reanalysis data. Such an 
approach is commonly employed in CMIP-style CO₂-forced experiments. 

Such procedure can be applied to any arbitrary initial ice sheet configuration. We have shown in run1 
and run2 that the ice-sheet model provides a realistic reconstruction of the ice sheet starting from the 
bedrock topography. This capability is particularly valuable for deep-time simulations, where the 
presence of ice sheets can be hypothesized but is not always constrained by proxy data (as in the case 
of Early Triassic climate oscillations). It is also relevant for experiments in which the external forcing 
is increased beyond certain thresholds, allowing us to explore the potential future behavior of ice sheets 
under extreme climate conditions and the associated evolution of biomes. These situations are 
complementary to those investigated using highly-resolved ice sheets, as in Smith et al. JAMES 2021. 

The main advantages of our setup are the following: 



1. The ice sheet model is global, which is particularly important for deep-time simulations where 
data are scarce and the potential location, extent, and thickness of ice sheets under cold 
scenarios are not known a priori. 

2. It includes the first-order, large-scale dynamics of ice sheets, allowing global-scale simulations 
to be performed without the need for high spatial resolution and with relatively low 
computational costs. 

3. It employs the same cubed-sphere grid as the underlying climate model (MITgcm), thereby 
avoiding interpolation errors. 

4. The ice sheet model is capable of representing the retreat and advance of ice sheets over shallow 
ocean regions. Vegetation grows on ice-free land and is replaced when the ice sheet expands. 

Due to the simplified land module implemented in MITgcm, small-scale ice sheet dynamics cannot be 
fully represented. The more sophisticated STREAMICE module available in MITgcm is designed for 
regional applications at kilometer-scale resolution and has not been adapted to, or tested in, cubed-
sphere coordinates. It also solves a higher-order stress balance, which would not make sense to use at 
our intended resolution, and steps explicitly in time. The effort to disentangle this higher-order stress 
balance, as well as implement the implicit time-stepping required to stabilize the shallow-ice balance 
would be significant. To overcome this limitation, we have directly developed an ice sheet module 
capable of running globally on the cubed-sphere grid rather than adopting another.  

Finally, we fully agree with the reviewer that including a deep-time simulation is relevant to 
demonstrate the capability of our coupled setup to be applied to different paleogeographic 
configurations. We will therefore include the case of the Permian–Triassic cold state described in Ragon 
et al. (2024), in which we employed the ice sheet model to estimate the potential thickness and extent 
of the ice sheet that could develop in the Northern polar region. 

In summary, the revised manuscript will include the following new simulations: 

1. A transient simulation, starting from the PI state and forced by an increase in atmospheric CO₂ 
concentration up to 360 ppm, to be compared with reanalysis data; 

2. A Permian–Triassic simulation, corresponding to the cold-state configuration described in 
Ragon et al. (2024). 

A reference MITgcm PI simulation (coupling atmosphere and ocean dynamics, with present-day ice 
sheet and fixed biomes) is presented in Brunetti & Vérard (2018). We will repeat this simulation using 
the same setup parameters adopted in the present study, in order to compare the resulting steady-state 
climate with our reconstructed ice sheet, vegetation, and climate fields in run1. The MITgcm is 
generally used in its ocean-only configuration within the ECCO program, while the SPEEDY module 
has been tested independently in atmosphere-only simulations (Molteni Clim. Dyn. 2003). 

Based on the reviewer’s comments, we acknowledge the need to improve the Introduction and to define 
more explicitly what we mean by “transient simulations” in our study. 

 


