
Revision of the manuscript ”AMOC
Stability Amid Tipping Ice Sheets: The
Crucial Role of Rate and Noise”

Sacha Sinet, Peter Ashwin, A.S. Von der Heydt and H.A. Dijkstra

On behalf of all the authors, we express once more our sincere gratitude towards both re-
viewers, as their comments allowed for substantially improving the quality and clarity of our
manuscript. In this revised version, each comment has been carefully considered and answered
to.

This document is an exhaustive list of all changes applied, where all line references (L#)
point to the trackchanges version of the manuscript. In a first time, we list some general
changes which do not apply only to one specific comment:

• Fig. 1.b and its caption have been removed for redundancy, as the same information is
now part of Fig. 2.a-b. Also, to improve the contextualisation of our results, we added
an horizontal dashed line at the minimal value of the WAIS tipping duration at PS = 500
years (Armstrong McKay et al., 2022), on Fig. 2.c-d and 7.a-b;

• for clarity and consistency, we systematically replaced the term ”no-tipping region” by
”stabilization region”. This also allows to emphasise on the stabilization effect, which
is a key result of the paper;

• some minor typos or formulation issues have been corrected. Notably, we changed
notation for boxes of the model to avoid confusion with the time symbol t (e.g., box t
become box t).

• the citation of Wunderling et al. (2024), which has been published in the meantime,
has been updated. Citation to Rosier et al. (2021) and Westen, Kliphuis, and Henk A.
Dijkstra (2024) have been added.

In a second time, on top of the previously shared answer to the reviewers, we provide a
more precise ”Changes in text” section (in blue), which have been the result of RC1 in ”An-
swer to RC1” and those which resulted RC2 in ”Answer to RC2”.

Sincerely yours,

the authors
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Answer to RC1
We thank the reviewer for this overall positive feedback and insightful comments. Below,
we provide individual answers to each comment, along with planned modifications of the
manuscript.

This study investigates the role of (1) GIS and WAIS meltwater forcing rate, (2) stochastic
noise on meltwater forcing, on AMOC collapse using a 5-box conceptual AMOC model. The
paper is technically sound and confirms the idea that the WAIS has a stabilizing effect on the
AMOC (proposed by previous studies) even under the influence of forcing rate and noise.

The paper is worthy of publication in ESD, however additional analysis/revisions are needed.
Please see the comments below.

Additional analysis with realistic meltwater flux forcing: I propose an additional analysis/discussion
on the AMOC collapse at the realistic range of forcing parameters (Eq (1) and Eq (2)). First,
please provide a realistic range of the forcing parameters in the context of a palaeoclimate
event (e.g., MWP-1A) or future climate change (e.g., CMIP6 SSP5-8.5 scenario). Then, dis-
cuss the AMOC collapse behavior at this realistic range of meltwater flux. If this specific
past/future event is not applicable to the forcing scenario used in this paper (which assumes
full melting of GIS and WAIS), I suggest performing an additional experiment. This would
provide practical insights into the AMOC collapse in the past/future. Also, it would shore
up a weakness of the paper (the weakness of using a highly idealized model with conceptual
forcing).

Reply: our manuscript focuses on the qualitative aspects of rate and noise-induced effects
on the AMOC stability. However, it is motivated by future climate change and, as such, we
ensured that the different forcing parameters used were consistent with Armstrong McKay et
al. (2022), the most comprehensive and up-to-date reference regarding future tipping events.
In this paper, a most likely scenario is also provided, wherein the GIS collapses in 10,000
years and the WAIS in 2,000 years. In our deterministic model, such a GIS forcing is far from
being strong enough to result in an AMOC tipping. Therefore, in this most likely scenario, the
AMOC remains stable independently of the applied WAIS meltwater flux.

In our paper, a collapse duration of 1,000 years for the GIS was used in the deterministic
case, which is the lower limit of the range of 1,000 to 13,000 years proposed by Armstrong
McKay et al. (2022). Hence, as suggested around line 110, this must be interpreted as a worst
case scenario. This is further motivated by Aschwanden et al. (2019), where a high emission
scenario (extended RCP8.5) yields a collapse of the GIS at the millennial timescale. In such
a scenario, all the range of plausible WAIS tipping points are exceeded in less than a century,
resulting in a negligible time delay between the two ice sheet tipping events (i.e. ∆t ≈ 0).
Therefore, in this worst case scenario, a collapse duration of WAIS of approximately 500 to
1,200 years results in a stabilization of the AMOC (Fig. 2a). Such considerations can also be
made in the stochastic experiments, although in terms of the probability of AMOC collapse.

While it is true that those results could also provide insight into paleoclimatic events (e.g.
MWP-1A), we did not discuss such aspects as the conceptual AMOC model of Cimatoribus,
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Drijfhout, and Henk A. Dijkstra (2014) is built and parametrised to represent a present-day
AMOC. As such, we prefer to avoid speculating in this direction.

Changes in text: contextualisation of our results in terms of future climate change has been
added in section 3, L153-161:

”Those results can be interpreted in the context of future climate change. In
Armstrong McKay et al. (2022), plausible values for the GIS tipping duration PN are given in

the range [1000, 15000] years, with a most likely value of 10000 years. In our model, this
most likely scenario results in the AMOC to remain stable regardless of the applied WAIS

meltwater flux. Instead, PN = 1000 years can be thought of as a worst case scenario. This is
further motivated by the modelling study of Aschwanden et al. (2019), in which a GIS
collapsing on the millenial timescale was found under a RCP8.5 scenario. Under such
conditions, the whole range of plausible WAIS tipping points of [1.5, 3.0]◦C of global

warming above pre-industrial levels (Armstrong McKay et al., 2022) would be overshot in
less than a century, resulting in a negligible value of the time delay between ice sheet tipping
events (∆t ≈ 0 years). Hence, in such a worst case scenario, a stabilization would occur for
values of PS between approximately 500 and 1300 years (see the representative trajectory in

Fig. 2.b).”

Also, we added a horizontal dashed line at the minimal realistic values of the WAIS tipping
duration (at PS = 500 years, from Armstrong McKay et al. (2022)) in Fig. 2.c-d and 7.a-b,
referred to in lines 136-137 (and analogously in L270-271):

”... In particular, we find that the stabilization region exists for realistic values of the WAIS
tipping duration PS (i.e. above the grey dashed line in Fig. 2.c-d).”

Line 80: The authors consider the time delay between FN (representative of GIS collapse)
and FS (representative of WIS collapse) forcing as a key parameter of the AMOC experiment.
What is the physical motivation for setting a time delay between them? What is a realistic
range of time delay in the context of palaeoclimate and future climate change?

Reply: given the uncertainty on both ice sheet tipping points and the uncertainty in future
climate warming trajectories, a wide range of delays between ice sheet tipping events is in
principle possible.

For example, considering a global warming scenario in which global temperature increases
from 1.1◦C to 3.0◦C above preindustrial level in 1,500 years, the WAIS would begin to collapse
1,500 years after the GIS if their respective tipping points are at 3.0◦C and 1.1◦C. Conversely,
if those tipping points are inverted, the WAIS would begin to collapse 1,500 years before the
GIS.
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Changes in text: the motivation for considering varying time delays and tipping timescales
is now part of a new paragraph in section 2, L110-116:

”Hence, the forcing (1)-(2) (or equivalently (1)-(3)) allows for conceptually capturing a full
collapse of both ice sheets while spanning a wide range of possible tipping durations and

delays, which is motivated by the uncertainty in ice sheet tipping points, tipping timescales
and global warming trajectories (Armstrong McKay et al., 2022), as well as the important

role of those parameters found in Sinet, Heydt, and H. A. Dijkstra (2023). In the remainder of
this document, we consider the interval [50, 5000] years for the WAIS tipping duration PS,

encompassing about the lower half of the interval [500, 13000] years proposed by
Armstrong McKay et al. (2022). Also, to explore the impact of different ice sheet collapse

trajectories, we use the delay interval [−1500, 1500] years for both ∆t and ∆tmax.”

Section 3: Please show the figure that shows together the case of WAIS included and the
non-included case for the AMOC collapse (time series would be good). The WAIS-induced
stabilization effect is an important key message of this paper, so the direct comparison of these
two cases will improve the presentation of the paper (the current version of the figure set is not
friendly to readers who are not familiar with the low-order AMOC modelling and dynamical
systems theory).

Reply: we thank the reviewer for this valuable suggestion.

Changes in text: time series of the ice sheet melwater fluxes and the overturning strength
have been implemented in the manuscript as part of Fig. 2.a (WAIS non included and AMOC
collapse) and 2.b (WAIS included and AMOC stabilization), adding the caption:

”(a-b) Representative trajectories of meltwater fluxes FN,S(t) as given by the set of equations
(1)-(2) (or equations (1)-(3)) and overturning strength qn. In (a), only a GIS collapse lasting
PN = 1000 years forces the AMOC model, resulting in an AMOC tipping (qn = 0). In (b),
both a GIS and a WAIS collapse force the AMOC model. Those last PN = 1000 years and

PS = 900 years, respectively, and are initiated at the same time (∆t = 0 years, or equivalently
∆tmax = −50 years), resulting in an AMOC stabilization.”

Those are referred to in L128 and 161. Note that, for redundancy, this resulted in the re-
moval of Fig 1.b. Finally, the term ”no-tipping region” has been systematically replaced by
”stabilization region”, emphasising on this key message of the paper.

Limitation of the conceptual model: The 5-box AMOC model used in this study does not
consider the AMOC impact on the WAIS melt. The model considers only a one-way influence
from the WAIS melt to the AMOC. However, as the authors explained in the introduction, the
collapse of AMOC would increase the Southern Hemisphere temperature and accelerate the
WAIS melt, while decreasing the Northern Hemisphere temperature and decelerating the GIS
melt. The discussion of this missing physics (which may be very important) should be explained
in the paper (probably in Section 6).
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Reply: our experiments are based on meltwater forcing trajectories which have been simpli-
fied into parabolas, solely defined by their duration in time and initiation time, independently
of the AMOC dynamics. While this does not allow for implementing such feedbacks, some of
their impact can be discussed in light of our results as follows.

On one hand, cooling of the North Pole tends to inhibit a GIS tipping event, which renders
an AMOC collapse less likely. On the other hand, warming of the southern ocean implies an
earlier and/or faster WAIS collapse. Especially, it would result in an earlier maximum of the
WAIS meltwater flux, implying a shift of the ∆tmax forcing parameter towards negative values.
In the deterministic experiment, we found that ∆tmax ≈ −150 years is optimal to result in an
AMOC stabilization. Hence, the consequences of this feedback are more nuanced, as it may
facilitate or inhibit AMOC tipping if it drives ∆tmax away from or towards this optimal value,
respectively.

Changes in text: discussion of those feedbacks has been added in section 6, L318-327:

”Clearly, the scope of our results is limited by the conceptual nature of the model used, as
was the case in Sinet, Heydt, and H. A. Dijkstra (2023). On the one hand, only part of the
AMOC dynamics is represented in a box model. Hence, a direct extension of this study

would be to investigate how the results compare to those obtained in a three-dimensional
comprehensive global ocean model which, as in our case, can be obtained using only
prescribed meltwater fluxes. On the other hand, ice sheet melting trajectories were

purposefully chosen to be minimalistic, and important processes were omitted. First, the
cooling of the northern polar region induced by an AMOC weakening (Jackson et al., 2015;

Westen, Kliphuis, and Henk A. Dijkstra, 2024) was not included, and may render the AMOC
tipping less likely via inhibition of a GIS collapse. Second, the warming of the Southern

Hemisphere subsequent to an AMOC weakening (Jackson et al., 2015; Stouffer et al., 2006)
was not considered, and could result in a WAIS collapse on a faster timescale. This could
imply a shift of the time delay between the peak of both ice sheet meltwater flux towards

negative values, thus either pushing this delay closer to or further away from its optimal value
for a stabilization event to occur.”

L203: Which numerical scheme for stochastic differential equations is used to solve the weak
noise case?

Reply: the algorithm SOSRI was used. It is a stability-optimized adaptive integration algo-
rithm for sotchastic differential equations, best described in Chris Rackauckas and Nie (2020).
It is implemented in the Julia package DifferentialEquations.jl (Christopher Rackauckas and
Nie, 2017), which was used throughout the study.

Changes in text: description of numerical methods and tools are now explicit in the ap-
pendix A, which was renamed ”Appendix A: AMOC Box Model and Numerical Methods”,
L361-365:
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”Thourghout the study, numerical time integration is performed using the Julia package
DifferentialEquations.jl (Christopher Rackauckas and Nie, 2017). The Runge-Kutta

algorithm of order 4 is used for integration of the deterministic model, while the SOSRI
algortihm (best described in (Chris Rackauckas and Nie, 2020)) is used for integration of the

stochastic model. Finally, the Julia package BifurcationKit.jl (Veltz, 2020) is used for
numerical continuation.”

Abstract: The key results of the paper are summarized too much in the abstract, and do not
give an immediate answer to the question likely to arise from the title (so, what is the role of
the forcing rate and noise?). Please revise it.

Reply: the answer provided by this manuscript is that both rate and noise-induced effects
have substantial impact on which ice sheet collapse trajectories may or not result in an AMOC
tipping.

Changes in text: to be more explicit about the key results of our study, we added the fol-
lowing sentences to the abstract, L10-14:

”... While a substantial stabilization is found in both cases, we find that rate and
noise-induced effects have substantial impact on the AMOC stability, as those imply that

leaving the AMOC bistable regime is neither necessary nor sufficient for the AMOC to tip.
Also, we find that rate-induced effects tend to allow for a stabilization of the AMOC in cases
where the peak of the West Antarctica ice sheet meltwater flux occurs before the peak of the

Greenland ice sheet meltwater flux.”
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Answer to RC2
We thank the reviewer for those useful comments, and especially for motivating a more precise
description of some aspects related to the AMOC model. Below, we address each comment
individually and outline planned modifications to the manuscript.

This study discusses the AMOC stability under meltwater forcing from both Greenland and
West Antarctica. The paper is interesting and sound if we accept the conceptual representa-
tion of AMOC. However, I struggled when trying to put these discussions in the context of real
ocean. It may help the readers by including more comparison with the real world in the revised
manuscript.

In particular, I wonder whether the AMOC sensitivity to WAIS meltwater has been exaggerated
too much in this toy model. In a recent paper (https://doi.org/10.1175/JCLI-D-22-0433.1),
which uses a more realistic model to examine the overturning responses to meltwater fluxes,
they found that the AMOC is rather insensitive to Antarctic meltwater at least on timescales
of 150 years. I think the ”overestimated” sensitivity of the AMOC to WAIS meltwater in this
toy model is because they parameterize the AMOC strength using density differences between
the North Atlantic (n) and Southern Ocean (ts), rather than the density differences between
the North Atlantic and the mid-latitude box (t) – the latter appears more plausible by physics
(e.g., https://journals.ametsoc.org/view/journals/phoc/42/10/jpo-d-11-0189.1.xml). Processes
in the Southern Ocean could affect the subsurface stratification in the low-mid latitudes, but
this connection likely occurs on millennial timescales.

Reply: as suggested by the reviewer, it is to be expected that different models present differ-
ent sensitivities to forcing, especially when comparing conceptual and comprehensive models.
However, we note that the study of Li et al. (2023) and ours are not incompatible for at least
the two following reasons:

1. The forcing used in Li et al. (2023) is very different. Namely, it is uniform in time, while
ours assumes different parabolic profiles for both ice sheet meltwater fluxes;

2. Li et al. (2023) found a limited sensitivity to Antarctic freshwater fluxes on a present-
day AMOC, which is also the case for the model used in this manuscript. For example,
they found an increase of the AMOC strength of approximately 0.63 Sv (or 2.8%) for
a constant Antarctic freshwater flux of 0.06 Sv (Fig. 9 in Li et al. (2023)). In our
model, the steady state of the circulation in terms of the AMOC strength is increased by
approximately 1 Sv (or 6.9%) when a WAIS meltwater flux of 0.08 Sv is applied (Fig
3.a).

On the parametrization of the AMOC strength (here taken as the downwelling strength
qN ), we note that the box ts does not stand for the southern ocean (which is rather represented
by the box s), but for the southern thermocline, or the part of the Atlantic Ocean between the
Antarctic Circumpolar Current and the southern tip of Africa. This choice of parametrising
the downwelling strength qN using the density of the southern thermocline box ts rather than
than the thermocline box t is further motivated in Section 2.1 of Cimatoribus, Drijfhout, and
Henk A. Dijkstra (2014).
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Changes in text: Considerations on the sensitivity of the AMOC model to WAIS meltwater
fluxes has been added as supplementary material in section S1, comparing our model to the
one used in Li et al. (2023). It is referred to in section 4, L170-172:

”Via a similar approach, we also find that the sensitivity of the overturning strength qn to
WAIS meltwater fluxes in the reference ON state is higher but comparable to what was found

in Li et al. (2023) using the coupled climate model GISS-E2.1-G (see section S1).”

For changes related to clarification on the use of box ts, see next comment.

I also have a few questions regarding the configuration of the AMOC model.

1. Why including the box ”ts”? If I read it correctly, the overturning between ts and t is
the same as the overturning between s and ts or d and s.

Reply: the addition of the southern thermocline box ts is extensively motivated in Cima-
toribus, Drijfhout, and Henk A. Dijkstra (2014). To summarize, it allows for computing the
density gradient within the Atlantic basin, and represents a region in which the isopycnal
slopes are greater than in other parts of the thermocline.

Changes in text: the role of the and signification of box ts is now explicit in section 2, L78-
80 :

” This box model includes two thermocline boxes t and ts, where the latter represents a
region in which the isopycnal slopes are greater than in other parts of the thermocline and

allows for computing the density gradient within the Atlantic basin.”

2. It should be clarified that the meltwater flux is applied as virtual salt flux not as freshwater
flux, which won’t influence the salinity content in box ”t”.

Reply: we thank the reviewer for this sensible remark. It is however clear that, whether it
originates from freshwater or virtual salinity flux, any change of salinity in any of the boxes
will ultimately impact the salinity in other locations via the dynamics of the model.

Changes in text: the use of virtual salinity fluxes is now explicit in L81 (and analogously in
L88-89):

”...(represented through virtual salt fluxes)...”

3. How is temperature evolved in each box? As the authors mentioned in their introduction, a
perturbation to the overturning circulation also modifies the ocean’s thermal structure, which
necessarily will feedback to the system and may affect the AMOC stability.
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Reply: temperatures are fixed in this model. Note that the temperature of boxes n, ts and
the reference temperature T0 (which are the only ones explicitly used in the model) are given
in table A1.

Changes in text: the treatment of temperatures as fixed parameters is now explicit in Ap-
pendix A, L337-338:

”The conceptual AMOC model represents the Atlantic Ocean as five distinct boxes (see Fig.
1) of constant temperature but time-varying salinity, and includes a dynamical representation

of the pycnocline depth”
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