Response to the comments of the reviewers for the manuscript
‘Rate-induced tipping cascades arising from interactions between the Greenland Ice
Sheet and the Atlantic Meridional Overturning Circulation’

by A.K. Klose, J.F. Donges, U. Feudel, and R. Winkelmann

We would like to thank the reviewers for carefully reading our manuscript and for their efforts
in creating their review comments. We considered their suggestions thoroughly for an
adaptation of the manuscript.

In the revised version of the manuscript, we have addressed the issue of the presentation and
framing of our methods and results as raised by the reviewers:

e We have reorganized Section 3, that introduces the conceptual model to capture the
interaction between the Greenland Ice Sheet and the AMOC, and parts of Section 4,
presenting the results.

e We have changed the naming of the ‘overshoot cascade’ to ‘overshoot / bifurcation
cascade’.

e Previously missing explanations of some parameters were added. For example, we
clarified the role of the hosing as additional freshwater input to the North Atlantic
through additional precipitation over the ocean and increased river runoff with
warming.

We provide a point-by-point response to all comments below. The reviewers' comments are
given in bold font, the authors’ reply in normal font and changes to the text in italic font. To
show how the proposed changes could be implemented, we attached a manuscript that
highlights the suggested changes compared to the original manuscript. Deleted parts of the
manuscript are crossed out and marked in red, while added parts are given in blue. Line
numbers in our responses refer to this manuscript, if not stated otherwise.

We are grateful for the opportunity to further improve our manuscript and are looking forward
to your feedback.

Sincerely yours,

Ann Kristin Klose, Jonathan F. Donges, Ulrike Feudel, and Ricarda Winkelmann



Reviewer Comment 1

This paper by Klose et al examines how tipping cascades can emerge through
interactions between the Greenland Ice Sheet and the Atlantic Meridional Overturning
Circulation. They use a simple, but physically motivated, model of these systems to
show that tipping cascades can emerge due to bifurcations and also due to rate
induced tipping. | thought the analysis of the results was good, but the paper could be
improved with regard to its presentation and framing.

| organise the review as follows: | give some broad comments about the paper, followed
by some specific points.

We are grateful for the overall positive evaluation of our analysis on the dynamics of the
interacting Greenland Ice Sheet and AMOC. We thank the reviewer for carefully reading our
manuscript and providing helpful comments to improve our manuscript, in particular, with
regard to the presentation of our results.

Broad Comments:

What is the relation of this work to that of Sinet 2023, which also examines a simple
model of the interaction of the AMOC with ice sheets?

Sinet et al. (2023) studies the dynamics that may arise in a chain of tipping elements consisting
of the AMOC and the ice sheets in Greenland and Antarctica, by means of coupled physically-
motivated conceptual models (of similar complexity as the model presented in our manuscript).
Their approach captures the freshwater fluxes into the ocean (thereby affecting the AMOC)
that arise from a disintegration of the Greenland and West Antarctic Ice Sheet. In addition,
temperature changes in the southern Atlantic Ocean are related to the ice dynamics in
Antarctica by the depth integrated ice viscosity parameter.

The potentially stabilizing effect of an AMOC decline on the Greenland Ice Sheet given a
cooling in the Northern Hemisphere is not included in Sinet et al. (2023), but discussed as a
relevant next step in future research. While not taking into account the West Antarctic Ice
Sheet in our study of interacting tipping dynamics, we here additionally include this potentially
stabilizing effect via relative temperature changes and thus assess the positive-negative
feedback loop between the Greenland Ice Sheet and the AMOC.

Eventually, both approaches may be combined towards a network of coupled tipping
elements, to explore the dynamics of the interacting tipping element network described in
Wunderling et al. (2021) by means of physically-motivated conceptual models to further inform
fully-coupled Earth system modelling.

In the Introduction of the revised manuscript (lines 58-62), we have clarified the relation to the
work by Sinet et al. (2023) as:

The dynamics of the AMOC and ice sheets in Greenland and West Antarctica as a
chain of tipping elements was assessed by Sinet et al. (2023). Here, the AMOC may
be stabilized by a disintegration of the West Antarctic Ice Sheet, thereby potentially
hindering cascading tipping in the climate system. The stabilizing effect of a net-cooling
around Greenland with an AMOC weakening is not included in the modelling approach
of Sinet et al. (2023).



The paper distinguishes between overshoot and rate induced cascades. | think it would
be better to call overshoot cascades "bifurcation cascades"” instead, as this reflects
their tipping mechanism. The term overshoot is connected to notions of reducing the
forcing back to a safe level.

We thank the reviewer for this remark and suggestion. Our notion of ‘overshoot cascade’ is
motivated by the detected dynamics of the Greenland Ice Sheet and the AMOC in our model:
The AMOC collapses with the crossing of a tipping threshold due to increased freshwater flux
from the Greenland Ice Sheet. This tipping threshold may, indeed, be associated with a
bifurcation (corresponding to bifurcation-induced tipping). With the complete loss of the
Greenland Ice Sheet, the freshwater flux declines again below this tipping threshold. As such,
the tipping threshold is only crossed for some time (‘overshooted’). This ‘overshoot’ is,
however, not safe, in contrast to dynamics discussed recently as ‘safe overhoots’ in the
context of tipping elements (e.g., Ritchie et al., 2019, 2021).

To reflect both aspects, we have changed the wording to ‘overshoot / bifurcation cascade’ in
the revised manuscript.

How do the rates and magnitudes of the changes in the control parameter relate to the
rates and magnitudes of changes in observations and future projections under different
climate scenarios?

This is an interesting question, and we thank the reviewer for motivating the following
discussion:

Overall, the freshwater fluxes from the Greenland Ice Sheet resulting from the different forcing
scenarios in our flowline model are within the range of future projections with fully-dynamic
ice-sheet models. We here focus on comparing our results to long-term projections of
Greenland mass changes that show the loss of the entire ice sheet.

For example, Van Breedam et al. (2020) assess the future evolution of the ice sheet on
Greenland over the next 10 000 years for a range of scenarios differing in the atmospheric
carbon dioxide forcing. These scenarios extend ECP pathways and result in the loss of the
entire Greenland Ice Sheet over varying timescales ranging from about 10 000 years
(MMCP2.6) to about 2500 years (MMCP8.5). This may give rise to a freshwater flux on the
order of 0.009 Sv to 0.03 Sv. Note that we here (and in the following approximations) assume
that the total ice volume on Greenland (of about 2.99*10° km?, based on Morlighem et al.,
2017) is lost with a constant rate over time. Given the non-linear behavior of the Greenland
Ice Sheet, freshwater fluxes could be higher over certain time periods during the deglaciation,
e.g. between 0.03 — 0.05 Sv for MMCP8.5 as reported in Van Breedam et al. (2020).

Robinson et al. (2012) find an even faster deglaciation of Greenland within 2000 years in their
experiments for a warming of 8°C, equivalent to a (constant) freshwater flux of 0.04 Sv. This
is comparable to the maximum freshwater flux from ice loss in Greenland during its
deglaciation within 3000 years in the overshoot / bifurcation cascade, presented in Figure 2(c)
of the original manuscript.

Finally, in Aschwanden et al. (2019), Greenland likely becomes ice-free by the end of the
millennium (deglaciation within < 1000 years) under the higher-emission pathway RCP8.5,
giving rise to a (constant) freshwater flux of 0.09 Sv. A relatively fast deglaciation of Greenland
is necessary for a rate-induced cascade; in the example given in Figure 2(d) in the original



manuscript within 1000 years. This is consistent with Greenland becoming ice-free under
RCP8.5 in Aschwanden et al. (2019).

Observed rates of ice sheet mass loss amounted to 35 Gt yr' in 1992-1996 (equivalent to a
freshwater flux of about 0.001 Sv) and increased to 257 Gt yr' in 2017-2020 (equivalent to
approximately 0.008 Sv). The observed rates of mass loss from Greenland are thus still
smaller than projected changes by an order of magnitude.

We have included a short paragraph comparing the GIS deglaciation timescales within the
different tipping cascades in our conceptual model with previous projections by means of fully-
dynamic ice-sheet models (Robinson et al. 2012; Aschwanden et al., 2019) in the revised
manuscript (lines 311-314 and lines 320-322).

The surface mass balance is decreased substantially beyond the deglaciation
threshold to aomax =-3.0 m a' within about 3000 years, which results in a complete
deglaciation of Greenland in this time period. This deglaciation timescale and the
resulting freshwater flux is of a comparable order of magnitude as determined for the
ice-sheet collapse given a constant regional summer temperature rise of 8 °C in
Greenland in a fully-dynamic ice-sheet model (Robinson et al., 2012).

A faster and stronger decrease of the surface mass balance may drive a more extreme
collapse of the GIS within about 1000 years, which is comparable to Greenland
becoming ice-free until the end of the millennium under the higher-emission pathway
RCP8.5 in Aschwanden et al. (2019).

| often think of hosing as being related to the melting of the Greenland ice sheet, yet
here it is included as an additional process. What process is this capturing and what
are plausible values of H?

We thank the reviewer for this comment and agree that hosing is often associated with
Greenland Ice Sheet melting.

In our modelling approach, the freshwater flux from the Greenland Ice Sheet is derived from
the physically-motivated flowline model. We consider the hosing H as an additional surface
freshwater input into the North Atlantic through increased river runoff and precipitation over
the ocean with a warmer climate (e.g., Fox-Kemper et al., 2021). The hosing pattern in the
global ocean box model is dictated by the multiplicative factors Ai (compare our response to
related comments). These are combined with ‘baseline’ surface freshwater fluxes directly
obtained from simulations under pre-industrial (1xCO2) conditions with the AOGCM FAMOUS
(Wood et al., 2019). Note that no Greenland Ice Sheet and hence no meltwater fluxes are
included in FAMOUS experiments.

As noted by Reviewer 2, a change in the hosing H in our experiments brings the AMOC closer
to its critical (hosing) threshold (compare Figure 2(a) in the original manuscript), making the
AMOC more susceptible to additional freshwater from Greenland. Eventually, the interplay of
all of these freshwater fluxes determines a propagation of tipping from the ice sheet on
Greenland to the AMOC in our model.

In the revised manuscript, we have added a definition of the hosing H and its role in our
experiments, also taking into account a related comment from Reviewer 2. In lines 223-225 of
the revised manuscript, we have added the following explanation:



These additional surface freshwater fluxes based on the hosing H are here considered
as increased river runoff and precipitation over the ocean into the North Atlantic with a
warmer climate.

For the first part of the paper the parameter d_{oa}, which controls the thermal coupling
of the AMOC and GIS is set to zero. Would it not be clearer to maintain it at the non-
zero level throughout the paper, particularly as the interaction between the tipping
elements is a focus of the paper.

We here aim at exploring the dynamics and, in particular, the risk of cascading tipping
dynamics emerging from the interactions of GIS and AMOC in a positive-negative feedback
loop. To distinguish the effects of freshwater fluxes into the North Atlantic on the one hand
and a relative cooling around Greenland on the other hand on the overall dynamics of these
tipping elements, we have decided to — step-by-step — add the different interaction
mechanisms forming this positive-negative feedback loop in our analysis. This also allows a
qualitative comparison of the AMOC tipping behaviour in response to a deglaciation of
Greenland detected in our conceptual, physically-motivated approach to previous hosing
experiments. These hosing experiments neglect the effect from a declining AMOC on the
Greenland Ice Sheet and imposed freshwater fluxes.

Following the suggestion of Reviewer 2, we have modified the title of the section that neglects
the thermal coupling of the AMOC and GIS in the revised manuscript, to clearly indicate the
considered interactions in this section.

The model is described as process based, but | don't think that's quite right. For
example the box model of the AMOC does not represent real processes in the system.
| think this modelling approach is fine, but it is probably fairer to describe the model as
'physically motivated' for example.

We thank the reviewer for this suggestion. Following the suggestion, the model is described
as ‘physically-motivated’ in the revised manuscript.

Specific comments:
Is line 51 consistent with line 397

We agree with the reviewer that the statements in line 39 and line 51 of the original manuscript
in their current formulation can be misleading.

In line 39 of the original manuscript we state that the effect of the interaction between the
Greenland Ice Sheet and the AMOC in a positive-negative feedback loop on the overall
stability is largely unknown. This does not exclude some knowledge, such as the response of
the AMOC to an idealized freshwater flux determined by models of varying complexity, as
outlined in Section 2 of the original manuscript.

In addition, Wunderling et al. (2021) assessed the stability of a network of tipping elements,
taking into account their interaction structure, as described in line 51 in the original manuscript.
Their assessment is based on combining conceptual representations of tipping elements and
existing knowledge on uncertainties in the critical temperature thresholds as well as the
strengths of the interaction between tipping elements in a risk analysis approach. The
conceptual representation of tipping elements is motivated by e.g. results from processed-



based models and paleoclimate evidence. Their approach allows to explore the qualitative
role of known tipping element interactions in a systematic way.

We have clarified this inconsistency in the revised manuscript and thank the reviewer for
pointing it out. More specifically, the related paragraphs in the revised manuscript (lines 40-
41 and lines 52-55) now read as:

There is still a knowledge gap of the effect of this positive-negative feedback loop on
the overall stability of the coupled system of climatic tipping elements.

The interactions between these four key climate tipping elements tend to be overall
destabilizing under ongoing warming as suggested by integrating expert knowledge
and including uncertainties of critical temperature thresholds and interaction strengths
into a risk analysis approach for these interacting tipping elements.

Lines 59,91 and 405 are too strong. The IPCC has low confidence in historical
reconstructions of the AMOC, and the findings of Boers and Rypdal are consistent with
the approach of a critical threshold but other explanations are possible.

We agree with the reviewer that AMOC reconstructions and thus trend estimates are
associated with high uncertainties. Following the comments from all reviewers, we have
reformulated lines 59, 91, and 405 of the original manuscript on the evolution of the AMOC
and the Greenland Ice Sheet and the possible approach of tipping points.

In the revised manuscript (lines 63-66, 98-100 and 467-471), the related paragraphs now read
as:

Significant changes of both systems are observed at present with an acceleration of
GIS mass loss (Shepherd et al., 2020; Trusel et al., 2018) as well as a weakening of
the AMOC (Caesar et al., 2018), though AMOC reconstructions are associated with
high uncertainties (Moffa-Sanchez et al., 2019). There is limited evidence that these
changes may be related to the approach of a critical threshold with ongoing global
warming (Boers and Rypdal, 2021; Boers, 2021; Van Westen et al., 2024).

Based on early warning signals the proximity of a critical threshold in west Greenland
(Boers and Rypdal, 2021) and a potential loss of stability of the current strong AMOC
mode (Boers, 2021; Van Westen et al., 2024) have been suggested.

A decline of 15 % in the strength of the overturning circulation since the mid-twentieth
century is found in the observed sea-surface temperature trend (Caesar et al., 2018)
and it is suggested that the current AMOC state might lose stability (Boers, 2021; Van
Westen et al., 2024).

Line 190: What is meant by analogously here?

We agree with the reviewer that this formulation in the revised manuscript may have been
confusing. The salinity dynamics in each box is governed by salt conservation, which guides
the formulation of Eq. 6-9. This is also the case for a negative overturning strength q < 0, and



the governing equations can be formulated in analogy to Eq. 6-9. In the revised manuscript,
we have added the following sentence (lines 210-211):

A second set of equations for the salinity evolution in each box in the case q < 0 can
also be formulated based on salt conservation.

Line 199: What is A_i?

We thank the reviewer for pointing out the missing explanation of the parameter Aiin the
original manuscript.

The parameters A; in the global ocean box model are multiplicative factors for the hosing in
the respective ocean boxes. That is, the ‘uniform’ hosing parameter H is scaled for each of
the boxes, according to these factors. The box model parameters are calibrated based on
GCM experiments (Wood et al., 2019). In this calibration, the values for the factors A are
chosen to match the total freshwater flux A*H into each of the boxes as in the GCM when
imposing hosing. Here, we have adopted the parameters obtained in a calibration with
FAMOUS, following Wood et al. (2019).

The following explanation has been added in the revised manuscript (lines 218-220):

Here, Fip are considered as baseline surface fluxes of the respective ocean boxes
under pre-industrial conditions, and A; are multiplicative factors distributing additional
surface freshwater fluxes across the boxes based on the hosing H (Wood et al., 2019).

Line 200: Why should fluxes be balanced? If water was added in the North Atlantic box
| wouldn't a priori expect it to be removed elsewhere.

This is a fair point and we thank the reviewer for this remark.

Outside the modelling world, salinity changes arise by changing the volume of the ocean
boxes with freshwater fluxes such as from the Greenland Ice Sheet, while the overall salt
content of the ocean is constant.

In the global ocean box model, we apply salinity fluxes that change the salt content of the
ocean, while keeping the volume constant, and as in previous box modelling approaches, the
volume of the ocean boxes is not changed with additional freshwater input. However, this may
be a next step in future research. To adopt this approach, fluxes are balanced.

Line 232 "As exemplarily indicated™ should read "As indicated"
Done.

Line 265 "For exemplary" should read something like "For different"
This is reformulated in the revised manuscript.

Lines 296 to 305 Does figure 4 refer to figure 3?

Yes. We have corrected this in the revised manuscript.

Line 355 "As exemplarily shown" should read "As shown"

Done.



Figure 4 a,b,d,e could have a zoomed in x-axis, possibly each with a different scale as
most of the interesting dynamics happen early in the simulation.

We thank the reviewer for this suggestion. We have added a zoom-in for Figure 4 in the revised
manuscript.

Line 386: "Pending" should read something like "yet"

Done.



Reviewer Comment 2

This manuscript investigates the different manners in which cascade tipping between
the Greenland ice sheet and the Atlantic meridional overturning circulation can take
place, depending on the rate of forcing resulting from Greenland melting and the
existence of a negative feedback of the reduced AMOC on Greenland temperature. The
manuscript is in general well written and the results are interesting, although limited by
the simplicity of the model used. | think it deserves to be published once a few issues
are solved. Most notably, the writing is a bit confusing in some points and the Results
section is a bit entangled, so | would recommend restructuring it somewhat.

We are thankful for this overall positive evaluation and are happy that the reviewer considers
our results as interesting. We would like to thank the reviewer for the comments which helped
to improve the manuscript and, in particular, its structure.

Specific issues:
Line 12: replace “breaching” by “surpassing”
Done.

Line 20: references should be included to refer to the melt-elevation feedback and the
positive salinity advection feedback (e.g. Robinson et al. 2012 and Rahmstorf 1996,
both of which are already included in the Reference list)

We have added these references to refer to the melt-elevation feedback and the salt-advection
feedback in the revised manuscript.

Lines 30, 38: “The Greenland Ice Sheet and Atlantic Meridional Overturning Circulation
are strongly linked via freshwater fluxes into the North Atlantic originating from a
melting GIS on the one hand, and via a relative cooling around Greenland with a
slowdown of the AMOC on the other hand (Kriegler et al., 2009; Sinet et al., 2023).” This
statement refers to studies consisting of expert elicitation and a conceptual model. |
would compel the authors to try to find more physically-based support in the literature
(actually these are provided in lines 36-37).

We thank the reviewer for this important remark, and have added the following references that
support these interaction mechanisms in the revised manuscript:

Bamber et al. (2012), Bamber et al. (2018), Vellinga et al. (2002), Vellinga et al. (2008),
Jackson et al. (2015)

Line 35: the question as to whether the AMOC is already decreasing is controversial, |
would recommend having a more balanced discussion. This does not preclude that
projections all indicate an AMOC reduction in the future, so the question is relevant.

We agree with the reviewer that AMOC reconstructions and thus trend estimates are
associated with high uncertainties.



In lines 32-37 of the original manuscript, we describe the proposed positive-negative feedback
loop and related physical mechanisms in the suggested interaction of the Greenland Ice Sheet
and the AMOC. The potential weakening effect of freshwater fluxes from the (future) decline
of the Greenland Ice Sheet is one of these mechanisms. In the revised manuscript (lines 34-
37), we reformulated this paragraph, suggesting that the AMOC may weaken by increasing
mass loss from Greenland and added an additional reference referring to a modelled future
AMOC slowdown driven by meltwater from the Greenland Ice Sheet (Golledge et al. 2019):

More specifically, the increasing mass loss of the GIS (Shepherd et al., 2020; Mouginot
et al., 2019; Van den Broeke et al., 2016) results in a freshwater input to the North
Atlantic (Bamber et al., 2012, 2018; Trusel et al., 2018), which may weaken the AMOC
by decreasing sea water density and thereby weakening deep water formation (Caesar
et al., 2018; Rahmstorf et al., 2015; Golledge et al., 2019).

Related to this reviewer comment and following the comments from all reviewers, we have
also reformulated lines 59, 91, and 405 of the original manuscript on the evolution of the AMOC
and the Greenland Ice Sheet and the possible approach of tipping points.

In the revised manuscript (lines 63-66, 98-100 and 467-471), the related paragraphs now read
as:

Significant changes of both systems are observed at present with an acceleration of
GIS mass loss (Shepherd et al., 2020; Trusel et al., 2018) as well as a weakening of
the AMOC (Caesar et al., 2018), though AMOC reconstructions are associated with
high uncertainties (Moffa-Sanchez et al., 2019). There is limited evidence that these
changes may be related to the approach of a critical threshold with ongoing global
warming (Boers and Rypdal, 2021; Boers, 2021; Van Westen et al., 2024).

Based on early warning signals the proximity of a critical threshold in west Greenland
(Boers and Rypdal, 2021) and a potential loss of stability of the current strong AMOC
mode (Boers, 2021; Van Westen et al., 2024) have been suggested.

A decline of 15 % in the strength of the overturning circulation since the mid-twentieth
century is found in the observed sea-surface temperature trend (Caesar et al., 2018)
and it is suggested that the current AMOC state might lose stability (Boers, 2021; Van
Westen et al., 2024).

Line 91: same as above, the question of whether the AMOC is approaching a tipping
point is controversial.

Please compare our response to the previous comment.

Lines 101, 132: suppress “compare”

Done.

Lines 133: Besides Robinson et al. you could refer also to the recent study by Bochown

et al:
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Bochow, N., Poltronieri, A., Robinson, A. |. Overshooting the critical threshold for the
Greenland ice sheet. Nature 622, 528-536 (2023). https://doi.org/10.1038/s41586-023-
06503-9

We have included Bochow et al. (2023) as an additional reference in the revised manuscript.

Line 143: insert commas before and after “based on the shallow-ice approximation
(Hutter 1983)”

Done.

Lines 148-149: consider rewriting this as “the ice flux F and the mass balance at the
surface as (first and second term on the right hand side of Eq (1), respectively”.

Done.

Line 150: rewrite as “from x =-L to x=L"” or “between x=-L and x=L"
Done.

Line 152: insert commas before and after “Eq(1)-(2)”

Done.

Lines 167, 170: | would write these inequalities in the inverse sense (e.g. a0 > algc > 0
for the first one)

Done.

Line 173: replace “to include” by “including”
Done.

Equation 11: explain Fi0 and Ai

We thank the reviewer for pointing out the missing explanation of the parameters A and Fio in
the original manuscript.

The parameters A in the global ocean box model are multiplicative factors for the hosing in
the respective ocean boxes. That is, the ‘uniform’ hosing parameter H is scaled for each of
the boxes, according to these factors. The box model parameters are calibrated based on
GCM experiments (Wood et al., 2019). In this calibration, the values for the factors A are
chosen to match the total freshwater flux A*H into each of the boxes as in the GCM when
imposing hosing. Here, we have adopted the parameters obtained in a calibration with
FAMOUS, following Wood et al. (2019).

Fio are the ‘baseline’ surface fluxes of the ocean boxes under pre-industrial conditions without
additional hosing, and are likewise obtained from the GCM experiments.

The following explanation is added in the revised manuscript (lines 218-220):
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Here, Fiy are considered as baseline surface fluxes of the respective ocean boxes pre-
industrial conditions, and A; are multiplicative factors distributing additional surface
freshwater fluxes across the boxes based on the hosing H (Wood et al., 2019).

Line 203: introducing freshwater as salinity fluxes was a practice done in old OGCMs
using the rigid lid approximation.

Yes, this is correct. We have added this information in the revised manuscript (lines 225-228)
as follows:

Note that freshwater fluxes are introduced as virtual salinity fluxes based on a
reference salinity as in previous ocean box models, e.g., (Rahmstorf 1996; Lucarini
and Stone, 2005) and likewise in some GCMs, e.g., (Swingedouw et al., 2013; Yin et
al., 2010, Rahmstorf 1996), that often apply a rigid lid approximation.

Line 212: suppress new paragraph here
Done.

Lines 209-232: This is not really part of the Results section, but should be part of
section 3.

We agree with the reviewer that lines 209-232 in the original manuscript may rather be
considered as part of Section 3, describing the modelling approach. Following the suggestions
of all reviewers, we have reorganized Section 3 and 4 in the revised manuscript:

In particular, the first part of Section 4.1 in the original manuscript (lines 209-232) on modelling
the interaction between the Greenland Ice Sheet and the AMOC is shifted to Section 3 as
additional Section 3.3 in the revised manuscript.

Lines 232-241 in the original manuscript describing the bifurcation structure of the AMOC with
varying freshwater flux remains in Section 4 as Section 4.1, and is titled ‘AMOC bifurcation
structure for varying freshwater fluxes’ in the revised manuscript.

The final part of Section 4.1 in the original manuscript (lines 242-248) describing the transient
experiments for exploring the tipping dynamics of the interaction Greenland Ice Sheet and
AMOC remains in Section 4 to introduce Section 4.2 on ‘Tipping cascades between GIS and
AMOC without negative feedback’. This is in line with other comments by Reviewer 2 and 3.
In particular, we hope that, by introducing these sections with a description of the applied
scenarios and the definition of the related parameters ra and aomax, OUr experiments become
clearer.

Lines 232-241: Here there is a discussion with references to Figure 2a which
corresponds to the case without the negative feedback; therefore | think it should
appear later on, within 4.2. Also, how do you know the bifurcation is a Hopf bifurcation?
If this is based on the analysis by Alkhayoun et al. (2019) it should be made more clear,
otherwise the reader thinks they have missed something.
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Following the suggestions of all reviewers, we have reorganized Section 3 and 4 in the revised
manuscript. Please compare our response to the previous comment for a more detailed
description of the related adjustments.

We agree that a full description of the (uncoupled) global ocean box model bifurcation
structure, as presented in Alkhayuon et al. (2019), is missing in the original manuscript. In the
revised manuscript, we have therefore introduced the following short paragraph in the
beginning of Section 4.1 in the revised manuscript (lines 256-259):

Depending on the hosing H, a strong 'on' and a weak 'off AMOC configuration may
coexist as stable states in this global ocean box model (Fig.2(a), indicated in blue).
The AMOC 'on'-state loses stability via a subcritical Hopf bifurcation upon crossing the
hosing threshold Huopr, @s shown by Alkhayuon et al. (2019). It eventually disappears
when it meets the separating saddle (Fig.2(a), indicated as dashed blue) in a fold.

Equation 13: | understand that the role of H here is simply to bring the system closer to
its critical threshold in order to study the sensitivity of the response to the starting
point, right? If so | would try to say it more clearly.

We thank the reviewer for asking for a clarification on the role of the hosing H.

As correctly stated by the reviewer, a change in the hosing H in our experiments brings the
AMOC closer to its critical (hosing) threshold (compare Figure 2(a) in the original manuscript),
making the AMOC more susceptible to additional freshwater from Greenland. To clarify the
role of the hosing H, we have added the following explanation in the revised manuscript (lines
289-290) when describing our experiments:

In particular, by increasing the hosing H the AMOC is brought closer to its critical
(hosing) threshold, changing its susceptibility to an additional freshwater flux from
Greenland.

We consider the hosing H as surface freshwater input into the North Atlantic through increased
river runoff and precipitation over the ocean with a warmer climate (e.g., Fox-Kemper et al.,
2021). These are combined with the freshwater flux from the Greenland Ice Sheet, derived
from the physically-motivated flowline model in our modelling approach.

In line with a related comment by Reviewer 1, we have also added a definition of the hosing
H in the revised manuscript. In lines 223-225 of the revised manuscript, we have added the
following explanation:

These additional surface freshwater fluxes based on the hosing H are here considered
as increased river runoff and precipitation over the ocean into the North Atlantic with a
warmer climate.

Line 226: | would suppress “It eventually acts as a virtual salinity flux, while assuming
a constant ocean volume (compare Section 3.2)”, no need to state again.

We agree with the reviewer that the use of virtual salinity fluxes in the ocean box model was
already introduced in the model description (Section 3.2). To clarify that this also applies to
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the freshwater flux from Greenland, we would like to keep this sentence in the revised
manuscript.

Lines 240-241: | would rewrite “it is eventually attributed to a time—dependent decline
of the GIS and in fact turns into a state variable in transient experiments” as “it is
actually a state variable in transient experiments that represents the freshwater forcing
into the North Atlantic due to the time—dependent decline of the GIS”

Done.

Lines 242-248: | would move this paragraph to the beginning of the next section,
because it contains important information concerning the experimental setup followed.

Thanks for this suggestion. We have moved this paragraph to introduce the Section 4.2 on
‘Tipping cascades between GIS and AMOC without negative feedback’ of the revised
manuscript. Please compare our response to the previous comment for a more detailed
description of adjustments related to this section in the revised manuscript.

Line 249: | think you need to include “without the negative feedback” in the title

We thank the reviewer for this suggestion. We have added ‘without the negative feedback’ in
the Section title in the revised manuscript.

Line 251: “complementing previous freshwater experiments” - which??

We have added the following references on previous freshwater hosing experiments in the
revised manuscript:

Hu et al. 2009; Jungclaus et al 2006; Stouffer et al. 2006; Swingedouw et al. 2013:
Swingedouw et al. 2015; Rahmstorf et al. 1995

Line 258: | would suppress “ The AMOC hosing H is kept constant”, there is no need to
say this again.

Done.

Line 264: FGIS = 0 Sv is reached one the GIS has completely melted, right? If so | would
say so.

This is correct. We have added this information in the revised manuscript.

Line 265: “For exemplary melting patterns...”: this wording is a bit confusing. When
one reads “melting patterns” it reminds of spatial patterns which have nothing to do
with this study. “Exemplary” also sounds strange. Why not just say that there are two

possible modes of cascade tipping and give one example for each?

We agree with the reviewer that the use of ‘patterns’ suggests that the freshwater fluxes from
the Greenland Ice Sheet differ in their spatial dimension, which we cannot capture with our
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flowline modelling approach. As the relevant characteristic of the decline of the Greenland Ice
Sheet in our model is its timescale, we have changed the phrase ‘melting pattern’ to
‘disintegration time’ in the revised manuscript. This is also motivated by a suggestion of
Reviewer 3.

In the revised manuscript (lines 303-304), it now reads as:

Depending on the disintegration time of the GIS and positions of the AMOC relative to
its hosing threshold we can identify different types of cascading tipping of the GIS and
the AMOC.

Line 272: | think this part would be better understood with a bit more information on the
parameters H, rao and aOmax, which currently are only shown in the caption of Figure
2. The same goes for the discussion in lines 278-285.

We agree that the definition of the parameters H, rao and aomax could be improved. The
evolution of the surface mass balance on the ground ap, determined by the parameters rs0 and
Aomax, iS described in lines 245-248 in the original manuscript. In the revised manuscript, we
have adjusted the introduction of these parameters. In particular, this paragraph is moved to
introduce the Section 4.2 on ‘Tipping cascades between GIS and AMOC without negative
feedback’.

Lines 298, 304: | think this should be Figure 3 rather than Figure 4.

We thank the reviewer for pointing this out. This is corrected in the revised manuscript.

Lines 304-305: | would move this sentence to the end of the discussion rather than
anticipating the existence of rate-induced AMOC collapse already.

This sentence is shifted to the end of this section in the revised manuscript (lines 376-377).
Line 316: same issue with “melting patterns” as above.

Please compare our response to the reviewer's comment above.

Line 332-334: | would delete “The negative feedback...”; this is clear at this point.
Done.

Lines 342-346: where is this to be inferred? Also, would it be possible to give a specific
example, with values that can be read from figure 4?

Theoretical work on the cascading dynamics of interacting tipping elements, e.g. linearly
coupled as driving (or ‘master’) and responding system (e.g., Klose et al. 2020), has shown
that the critical transition of the following system may occur at lower or higher values of the
control parameter (e.g. temperature) compared to the intrinsic tipping point (that is, the tipping
point without any coupling) due to the coupling. In other words, tipping occurs when crossing
effective tipping points of the responding system. In the case of such a linear coupling, these
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effective tipping points depend on the direction of coupling and the state of the leading tipping
element.

This theoretical basis can be linked to the Greenland Ice Sheet and the AMOC, when only the
coupling via relative temperature changes (negative feedback) would be considered
(unidirectional coupling). Here, the AMOC could be considered as a driving system, while the
ice sheet on Greenland would correspond to the responding system.

These effective deglaciation thresholds of Greenland when considering the negative feedback
via relative temperature changes on the ice sheet are displayed by the (vertical) solid black
lines in Figure 4(c) and (f). They depend on the state of the AMOC in terms of the temperature
of the ‘on’- and ‘off’-state. When comparing to the dashed grey line in this figure, indicating the
deglaciation threshold when neglecting this feedback, the effect of the coupling becomes
visible. The existence of these two different deglaciation thresholds is the motivation for
studying different scenarios for the surface mass balance evolution and their effect of the
coupled GIS-AMOC dynamics.

In the revised manuscript, we have reformulated the related paragraph, adding a more detailed
explanation of effective tipping points for interacting tipping elements (lines 389-403) and
references to Figure 4 in the description of these deglaciation thresholds:

Considering this negative feedback, the intrinsic tipping point of the Greenland Ice
Sheet (that is, the critical threshold of the Greenland Ice Sheet without any coupling,
compare Fig. 4(c) and (f), dashed grey; Klose et al. 2020) is replaced by two separate
effective deglaciation thresholds aoig'” and aose'® of the GIS (Fig. 4(c) and (1), solid
black), depending on the state of the AMOC. This is based on the theoretical
foundations of cascading dynamics for linearly coupled driving (or ‘master) and
following tipping elements, formulated in Klose et al. (2020): Interactions shift the
critical threshold of a responding system beyond which tipping is expected to lower or
higher values compared to the intrinsic tipping point depending on the direction of
coupling and the state of the driving tipping element, giving rise to effective tipping
point(s) of the responding system. Here, when considering the stabilizing effect of an
AMOC weakening on the ice sheet (Eq. (12)), the AMOC could be considered as the
driving system, while the ice sheet on Greenland would represent the responding
system. Based on Eq. (12), that linearly relates the AMOC state in terms of the North
Atlantic box temperature and the GIS surface mass balance, two deglaciation
thresholds aosg” and acee® may then be crossed with a decreasing surface mass
balance in a warming climate (Fettweis et al. 2013): For ao < aoig'” @ complete melting
of the GIS is obtained given that the AMOC resides and remains in its 'on'--state. Given
that the AMOC resides in its 'off--state, the GIS melts down completely for ap < @gdgc'®.

Lines 352-354: “ Hence, for a strong surface mass balance decrease the tipping
outcomes in terms of the final GIS and AMOC states when neglecting the negative
feedback via the temperature are qualitatively resembled (Fig. 4(c))” : The meaning of
this sentence is unclear to me.

We here compare the possible tipping outcomes of the interacting GIS and AMOC including
the negative feedback (A) to the dynamic regimes detected when neglecting this negative
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feedback (B) in Section 4.2.2 of the original manuscript. For a strong surface mass balance
decrease, there is no qualitative difference between both cases (A) and (B). We have
reformulated this sentence in the revised manuscript, and hope it got clearer. In the revised
manuscript (lines 411-414), this sentence now reads as:

Hence, for a strong surface mass balance decrease, the potential dynamic regimes
with Greenland becoming ice-free as well as a strong or collapsed AMOC depending
on the hosing (Fig. 4(c)) is comparable to the dynamics detected when neglecting the
negative feedback (Fig. 3).

General:

Acronyms for the Greenland ice sheet (GIS) and the Atlantic meridional overturning
circulation (AMOC) are introduced but not systematically used subsequently, this
should be corrected (e.g. lines 30, 41, 48, 86, 94, 97, etc)

For better readability of the manuscript, we decided to not use the acronyms across the entire
manuscript but to have a balanced use of acronyms and full text.

This might be a matter of taste, but | feel the text abuses a bit of using parentheses to
provide explanations; | would recommend replacing those by inserting the sentence
between commas. e.g. in line 5 | would replace “(with a destabilizing effect on the
AMOC due to ice loss and subsequent freshwater flux into the North Atlantic as well as
a 5 stabilizing effect of a net—cooling around Greenland with an AMOC weakening) by “,
with a destabilizing effect on the AMOC due to ice loss and subsequent freshwater flux
into the North Atlantic as well as a 5 stabilizing effect of a net—cooling around Greenland
with an AMOC weakening, “

The same applies to lines 8, 19, 152, etc.

Following the comments from all reviewers, we have included explanations in brackets either
in the main sentence (separated by commas) or integrated them as additional sentences,
where applicable.

Figures

Figure 1b: please make this panel make larger

Done.

Figure 2:

1. Green lines indicating the thresholds are barely seeable
2. and d) should have the same scale for the x axis

We thank the reviewer for the suggestions on improving Figure 2. We have increased the

width of the green lines indicating the thresholds and adjusted the scales of the x-axis in the
revised manuscript.
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Reviewer Comment 3

Review of Klose, Donges, Feudel, and Winkelmann: “Rate-induced tipping cascades
arising from interactions between the Greenland Ice Sheet and the Atlantic Meridional
Overturning Circulation.” (Earth System Dynamics, Paper: esd-2023-20)

The manuscript of Klose and others presents the results of a conceptional model
system where a global ocean interacts with the Greenland Ice Sheet (GriS). They allow
tipping cascades of the Atlantic Meridional Overturning Circulation (AMOC) stability by
freshwater released into the North Atlantic. Besides a hosing flux, the meltwater
contribution of disintegrating GrIS disturbs the stability of the AMOC and, via a
potential feedback loop, controls Greenland's meltwater contribution. The authors
access overshot and rate-induced tipping cascades in this highly idealized system.

The first conceptional model renders the global ocean by hydrographic properties in
five boxes: Two dedicated Atlantic surface ocean regions (North Atlantic: N, Tropical
Atlantic: T) beside surface boxes for the Southern Ocean (S) and the Indo-Pacific Ocean
(IP). Those surface boxes communicate with a global bottom ocean box (B). In this
model, the density difference between the Northern Atlantic and Southern Ocean drives
the AMOC, which controls the North Atlantic temperature and determines the temporal
salt flux between different boxes (Eq. 6 — 10).

The other conceptional model represents the Greenland Ice Sheet by a flowline model
solving the shallow ice approximation. It has a (half) width of 1000 km, which equals
approximately its actual latitudinal extent. The ice loss and gain are exclusively
described by the surface mass balance (SMB), where the Lapse rate effect constitutes
the melt elevation feedback.

The coupling between these two models is unidirectional or bidirectional. The
unidirectional coupling considers only the meltwater flux of a shrinking GrIS into the
Atlantic Ocean. This meltwater flux plus an additional freshwater hosing flux decreases
the salinity in the Atlantic. In the bidirectional setup, the North Atlantic temperature
feeds back on Greenland's surface mass balance.

The authors detect overshoot and rate-induced cascading tipping in their model system
with a focus on the GrIS and the AMOC. These cascades are analyzed in the uni- and
bidirectional setups where the bidirectional coupling considers the feedback loop
between the North Atlantic temperature and the ice loss. This thermal coupling
stabilizes the AMOC and the ice sheet because an enhanced meltwater flux reduces,
via the density difference, the AMOC strength, lowering the North Atlantic
temperatures, which, ultimately, damps additional melting.

This study is highly relevant since it addresses outstanding questions about the AMOC
stability while considering the interaction between the AMOC and the Greenland Ice
Sheet. At the same time, Greenland's meltwater release grows in a warming world. The
authors highlight that it is not sufficient to consider a "fixed" threshold (overshoot
tipping) beyond which the AMOC breaks down or GrIS disintegrates. They also
underscore that changing rates could drive components in the coupled system beyond
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stable conditions (rate-induced tipping). In addition, a stabilizing feedback, such as
reduced North Atlantic warming due to a weakened AMOC, may not be strong enough
to offset the disintegration of the GrlS. Here, the reduced model complexity allows
scanning the phase space for numerous tipping cascades. Although, these are not
necessarily representative of the natural world.

In general, it was a pleasure to read the well-structured manuscript. The figures are of
high quality, necessary, and informative.

| recommend the publication of the manuscript after minor corrections.

We are happy that the referee agrees on the relevance of this topic and are grateful for this
positive evaluation of our manuscript and the figures. We thank the reviewer for carefully
reading our manuscript and providing many helpful comments and explicit suggestions to
improve our manuscript, in particular, with regard to the presentation of our results and
clarifications of formulations.

General comments

Although the manuscript is well organized and generally well written, section 4.2,
including its subsections, could be better written. The language of section 4.2 is less
clean than the remaining section. Therefore, | suggest revising this whole section.

We have revised the language in Section 4.2, also following related and very helpful
suggestions of Reviewer 3 (see below), and hope that it is clearer now. We would like to thank
Reviewer 3 for the effort of creating detailed comments on our manuscript.

Furthermore, the authors presented additional lengthy information in brackets, which
may disturb the reader. | suggest the authors integrate this information into the general
text or drop it if applicable.

Following the comments from all reviewers, we have included all explanations in brackets
either in the main sentence (separated by commas) or integrated them as additional
sentences.

In Figures three and four, small schematic icon-like figures of the remaining ice-
thickness across Greenland seem to indicate remaining ice. If this is the case, please
state more clearly where this pattern comes from because | do not see how the applied
flowline ice sheet model can provide this pattern.

We thank the reviewer for pointing out this inconsistency between the remaining ice thickness
across Greenland in the icon-line figures and the possible outcomes provided by the applied
flowline ice-sheet model. This remaining ice thickness was motivated by previous results with
a more complex fully-dynamic ice-sheet model (Robinson et al. 2012). It is correct that such a
spatial pattern cannot be produced by the flowline model used here. In the revised manuscript,
we have modified the icon-line figures showing no remaining ice in Greenland for the ice-free
state.
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Occupationally, terms/variables are introduced, which are defined later in the text. In
some cases, this needs to be clarified. For example, the text refers (Page 9, Line 232)
to Figure 2, where the variable appears in the caption, while it is later introduced on
Page 9, Line 246.

In the revised manuscript, we have made sure that all terms / variables are introduced before
their use. In figure captions, abbreviations of variables are always paired with a descriptive
term.

Specific comments

Main document

Page 3, Line 79: Add comma in “... for a limited forcing, given that the ...”

Done.

Page 4, Line 112: Please introduce the not Sl-unit Sverdrup, for example, by a footnote
or additional text.

Done.

Page 2, Line 36 — 37; Page 4, Line 107 — 198; Page 4, Line 109 — 111, Page 4, Line 118,
Page 5, Line 1124 — 125: Missing citation (Madsen et al. 2022).

We thank the reviewer for bringing this reference to our attention. We have included it in all
relevant sections of the revised manuscript.

Page 5, Line 132: Do you mean the citation “(compare e.g. Lohmann and Ditlevsen,
2021)?

The given reference is the one that we intended to give. We agree that Lohmann and Ditlevsen
(2021) fits as well, so we have added it in the revised manuscript.

Page 5, Line 151: You may consider adding additional information: “(... continent by
the ocean without floating ice shelves in Oerlemans (1981)).”

We have added this additional information in the revised manuscript.

Page 6, Line 156: “Thereby, the surface mass balance $a_s$ that is the difference
between mass gain and mass loss is reduced and ...”

We thank the reviewer for this suggestion and pointing out a missing explanation of the term
‘surface mass balance’ in the original manuscript. In the revised manuscript, we have added

an explanation in the description of the Greenland Ice Sheet flowline model (lines 160-161):

The surface mass balance of an ice sheet is the sum of mass gain through precipitation
and mass loss through runoff, erosion and sublimation runoff at its surface.
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Page 6, Equation 3: Is the variable $\tilde{a_0}$a spatial dependent variable? If so,
please indicate or mention it. In addition, does this linear equation consider an
increased vulnerability by a more than linear increase of the ablation zone for lowering
height?

We thank the reviewer for pointing out this lack of clarity in the original manuscript.
$\tilde{a_0}$ is not spatially dependent. In the revised manuscript (line 176), we have added
the following clarification:

The surface mass balance for h = 0, $\tilde{a_0}$, is not spatially dependent.

We agree that the use of this linear equation is a simplification in that respect. Including this
effect by modifying the equation would likely accelerate the melting of the ice sheet on
Greenland. Our modelling approach allows us to qualitatively study the dynamical regimes of
the interacting Greenland Ice Sheet and AMOC. We do not aim to provide quantitative
statements or projections on the emergence of tipping cascades in the climate system. While
we do not take this effect into account here, it could be an interesting next step for future
research.

Page 6, Line 165: You may add at the end: "Furthermore, the surface mass balance
equals in our setup the total mass balance."

Done.

Page 7, Equation 11: | can not find the definition of $A_i$ in the text. Please add it, even
if this information is available in the supplement's table. Furthermore, does a hosing of
H = 0.2 Sv, as shown in Figure 2b, correspond to an additional freshwater flux of $A i
\cdot H$ ? If so, wouldn’t it correspond to a hosing freshwater flux of 0.014 Sv and
0.1504 Sv into the North Atlantic and Tropical Atlantic box, respectively? Since the
manuscript addresses the impact of freshwater on the AMOC stability and the
conditions at and around Greenland, it is surprising that the freshwater flux may be ten
times larger in the tropics than in the North Atlantic. Anyhow, please clarify this point.

We thank the reviewer for pointing out the missing definition of A; in the original manuscript.

The parameters A in the global ocean box model are multiplicative factors for the hosing in
the respective ocean boxes. That is, the ‘uniform’ hosing parameter H is scaled for each of
the boxes, according to these factors. The box model parameters are calibrated based on
GCM experiments (Wood et al., 2019). In this calibration, the values for the factors A; are
chosen to match the total freshwater flux A*H into each of the boxes as in the GCM when
imposing hosing. Here, we have adopted the parameters obtained in a calibration with
FAMOUS, following Wood et al. (2019).

An explanation is added in the revised manuscript (lines 218-220):

Here, Fip are considered as baseline surface fluxes of the respective ocean boxes
under pre-industrial conditions, and A; are multiplicative factors distributing additional
surface freshwater fluxes across the boxes based on the hosing H (Wood et al., 2019).
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These parameters A;aim to reflect freshwater fluxes in a hosing experiment with FAMOUS
and are here taken from Wood et al. (2019), Table 1. Given the parameter values Ax = 0.07
and At = 0.752 for the multiplicative factors in the North Atlantic and the Tropical Atlantic box,
it is correct that the additional freshwater flux through hosing, e.g. with H = 0.2 Sy, in this
parameter setting is larger for the Tropical Atlantic than for the North Atlantic box.

Combined with the ‘baseline’ surface freshwater fluxes Fio (inferred from FAMOUS under pre-
industrial conditions), where Fno = 0.384 Sv and Fro = -0.723 Sv, the sum of these surface
freshwater fluxes (compare Eq.11) is positive (that is, freshwater input) for the North Atlantic
box for the considered range of hosing H. In this range of hosing H, it is negative (that is,
freshwater loss) for the Tropical Atlantic box. In addition, the North Atlantic box receives
meltwater from Greenland in our experiments, derived from the flowline model. We here would
also like to refer to our response to the general comment related to the hosing by Reviewer 1.

Page 8, Line 217: Does the surface mass balance on the ground correspond to the
surface mass balance at the sea-level?

This is a good question, in particular, in the context of the conceptual flowline setup used here
to capture the tipping behaviour of the Greenland Ice Sheet. The surface mass balance on the
ground refers to the surface mass balance where the ice thickness (and surface elevation)
equals 0 in our model. The model capturing the Greenland Ice Sheet dynamics does not
include any dependence on the sea-level changes. Given that the Greenland Ice Sheet
predominantly rests on bedrock above present-day sea level, locations where the ice
thickness equals 0 are above but may be close to sea level.

Page 8, Line 218 — 219: You may rephrase “For a declining overturning strength $q$ of
the AMOC with $H > H_{ref}$, the temperature $T_N$ in the North Atlantic box declines
as well according to Eq. (4)” if applicable, e.g., “For active hosing ($$H > H_{ref}), the
AMOC overturning strength $q$ declines as well as the temperature $T_N$ in the North
Atlantic box is driven by Eq. (4).”

We have rephrased this sentence in the revised manuscript, along the lines of the reviewer’s
suggestion. In the revised manuscript (lines 240-242), this sentence now reads as:

With H > Her, the AMOC overturning strength q declines. Driven by Eq. (4), the
temperature Ty in the North Atlantic box then declines as well.

Page 8, Line 219: You may rephrase “For $d_{oa} = 0%, we recover a ...” with “For
$d_{oa} = 0%, we obtaina ...”

Done.

Page 8, Line 220: | find the wording “independent ice sheet” confusing and misleading.
Please change it.

We have included the reviewer’s suggestion that is given in the following comment — the
wording ‘independent ice sheet’ is thus removed in the revised manuscript.
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Page 9, Line 219 — 223: You may simplify these sentences: "A unidirectional coupling
is obtained by $d_{oa} = 0%, where Greenland is not exposed to any changes in the
North Atlantic (Eq. 12). In addition, the freshwater flux by the Greenland Ice Sheet
resulting from its mass loss (Bamber et al., 2012, 2018; Trusel et al., 2018) is added as
$F_{GIS}$ to the combined freshwater into the surface North Atlantic box as:”

Done.
Page 9, Line 229: Wouldn’t it be correct to state “($F_{GIS} >0 {\mathrm Sv}$)”?
Yes, thanks for pointing this out. This is adjusted in the revised manuscript.

Page 9, Line 231: You may write "... freshwater flux into the Atlantic Ocean, which
increases the ..." or?

Done.

Page, Line 245 — 247: The sentence “More specifically, the surface .... is reached
(Fig. 1(b))” is not clear. Please rephrase.

Motivated by the reviewer’s suggestion of changing the order of this sentence (see following
comment), we have changed the sentence in the revised manuscript. In the revised
manuscript (lines 278-281), it now reads as:

More specifically, the surface mass balance at the ground level a is decreased linearly
with a ramping rate rao towards or across the deglaciation threshold aoqec. Once this
deglaciation threshold is crossed, a stable ice sheet cannot be sustained. The surface
mass balance on the ground is then kept constant after a final value apigc <= @omax IS
reached (Fig. 1(b)).

Page 9, Line 245 — 247: You may change the order in this sentence: “More specifically,
with a ramping $r_{ao}$, the ground surface mass balance $a_o$ decreases linearly
and, once crossed the deglaction threshold $a_{0_{dgc}}$, the ice sheet stability is not
sustainable.” or “More specifically, with a ramping $r_{ao}$, the ground surface mass
balance $a_o$% decreases linearly, and the ice sheet becomes unstable, once crossed
the deglaction threshold $a_{0_{dgc}}$ is crossed.

Please see our response to the previous reviewer's comment.

Page 10, Line 256: You may rephrase "By decreasing the surface mass balance at the
ground level associated ... ."

We have rephrased ‘surface mass balance at the ground’ to ‘surface mass balance at the
ground level’ in the revised manuscript.

Page 10, Line 256: You may rephrase to “... threshold and eventually disintegrates
completely ... .”
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Done.

Page 10, Line 257: You may replace the beginning of the sentence: "In the following,
AMOC hosing is kept constant.”

This sentence is removed in the revised manuscript following a comment by Reviewer 2.

Page 10, Line 260 — 265: You may rewrite it: “The freshwater volume loss resulting from
the forced deglaciation of Greenland corresponds to a time-varying GIS freshwater flux
$_F_{GIS}$ into the North Atlantic. This time-dependent GIS freshwater flux first
increases as the GIS disintegrates. Consequently, the AMOC grows, potentially
overshooting its threshold (Ritchie et al., 2021), but eventually returns to $_F_{GIS} =0
{\mathrm Sv}$ under otherwise constant hosing (Fig. 2(a), the AMOC trajectory
approximately follows the black lines)".

Done.

Page 10, Line 267: Please consider replacing "observed"” with "detected” when
describing the results of simulations since model results are not measured and turned
into observed properties. Therefore, please rephrase "... to a freshwater flux as
detected in previous hosing experiments ... ."

We thank the reviewer for suggesting this much better wording. We have changed it in the
revised manuscript.

Page 10, Line 269 — 272: You may rephrase “ In particular, the AMOC may transition to
its ’off'—state in response to the Greenland Ice Sheet disintegration, which is
accompanied by a temporary overshoot of the GIS freshwater flux threshold, resulting
in an overshoot cascade (Fig. 2(c)). The increasing GIS freshwater flux puts the AMOC
from the ’on’ to the ‘off’-state, while the AMOC does not recover after the decline of the
GIS freshwater flux.”

We have rephrased this sentence in the revised manuscript, along the lines of the reviewer’s
suggestion. In the revised manuscript (lines 307-311), this sentence now reads as:

In particular, the AMOC may transition to its ‘off-state in response to the disintegration
of the Greenland Ice Sheet. This may be accompanied by a temporary overshoot of
the GIS freshwater flux threshold, resulting in an overshoot / bifurcation cascade (Fig.
2(c)). The increasing GIS freshwater flux takes the AMOC out of the basin of attraction
of the ‘on’-state, while the AMOC does not recover after the decline of the GIS
freshwater flux with the deglaciation of Greenland.

Page 10, Line 272 — 273: The following might be more appropriate: "The surface mass
balance decreases substantially... , which results in a complete deglaciation of

Greenland."

Done.
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Page 10, Line 276: I'm unsure, but shouldn't it be: "AMOC weakening without tipping,
as commonly detected in hosing ... "?

Done.
Page 10, Line 278 — 279: Here is an example of avoiding unnecessary brackets: "
within 1000 years driven by a faster and stronger ... ."

Done. Following the comments from the other reviewers, we have revised the whole
manuscript and removed unnecessary brackets here (and elsewhere), whenever applicable.

Page 10, Line 281: What do you think about rephrasing: "...deglaciation of Greenland,
the AMOC leaves the stable 'on'-state. Rate-induced transition ... ."?

With this formulation, we aim to stress the differences between the intrinsic AMOC response
timescale and the fast forcing (arising from the relatively fast GIS deglaciation), that are
underlying this rate-induced transition.

The potential rate-dependence of tipping can be illustrated by the pulling of a tablecloth that
lies underneath some dishes on a table (as introduced in e.g. Kiers, 2020). There are two
distinct outcomes:

1) The dishes come with the tablecloth, when slowly pulling the tablecloth. That is, the
AMOC can keep up with and remains in the ‘on’-state.

2) The dishes are left behind on the table, when pulling fast. That is, the AMOC cannot
keep up with the and leaves the ‘on’-state.

In the revised manuscript (lines 325-326), we have rephrased this sentence along the lines of
the reviewer’s suggestion as follows:

With the relatively fast deglaciation of Greenland, the AMOC cannot keep up with the
stable ‘on'-state, leaves the stable ‘on'-state and then crosses the moving basin
boundary.

Page 10, Line 284: | suggest replacing the text with "the AMOC to the changing
freshwater flux by ... ."

We thank the reviewer for this suggestion. In the revised manuscript, we would like to keep
the phrase ‘rate of change’ to stress that an AMOC collapse may not only be triggered by
crossing a critical value in the forcing, but also if the rate of change of this forcing is fast
enough. We have added that this freshwater flux is then considered as time-dependent in the
revised manuscript (lines 327-329), and hope that this sentence is now easier to understand:

More recently, Lohmann and Ditlevsen (2021) confirmed the suggested sensitivity of
the AMOC to the rate of change of a time—dependent freshwater flux by demonstrating

rate—induced tipping in a complex ocean model.

Page 10, Line 284: Please add a comma after the preposition: "Here, it is assumed ... ."
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Done.

Page 10, Line 285: Enclose the example by commas: “ disturbances, e.g. in initial box
salinities, are always ...”

Done.

Page 10, Line 287: Add a comma for the subordinate clause at the end: “decline as
studied, e.g. as scenario-dependent ... .”

Done.

Page 12, Line 291 — 293: The end of the sentence is unclear; please improve the text.
After identifying the different cascading dynamics arising for the Greenland Ice Sheet and the
AMOC, we assess the occurrence of these different dynamic regimes in the parameter space.
Here, the parameter space consists of the ramping rate ry and the final value aomax of the
surface mass balance on the ground level, determining the deglaciation time of the ice sheet
on Greenland. Lines 291-294 of the original manuscript aims at introducing this next step in

our analysis.

We have reformulated the sentence in the revised manuscript, and hope that it is clarified. In
the revised manuscript (lines 344-347), this sentence now reads as:

By varying the ramping rate r.o and the final value aomax of the GIS surface mass
balance on the ground, we systematically explore and quantify the occurrence of these
different dynamic regimes; that is, the overshoot / bifurcation cascade and the rate-
induced cascade of the Greenland Ice Sheet and AMOC.

Page 12, Line 294 — 295: Please extend the text to read: "of the tipping element drivers
in our model."

Done.

Page 12, Line 309: add missing comma around “thus”: “ lower hosing values and, thus,
for the AMOC ... .”

Done.

Page 12, Line 312: I'm unsure, but | guess a comma is missing: "with a slow ice sheet
decline, a high hosing determining the fixed ... ."

We have added a comma in the revised manuscript.
Page 12, Line 314: The sentence needs to be clarified, or?

We agree that the wording in this sentence is not entirely clear. We here aim at stating the
conditions for a propagation of tipping from the Greenland Ice Sheet to the AMOC in an
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overshoot / bifurcation cascade. In the case of a slower deglaciation, a larger hosing is
necessary. The larger hosing brings the AMOC closer to the hosing threshold in the applied
model.

We have extended this sentence in the revised manuscript, and hope that it is clarified by
these additions. In the revised manuscript (lines 364-365), this sentence now reads as:

In other words, the AMOC has to be shifted closer to its hosing tipping point by
increasing the hosing H for a propagation of tipping from the Greenland Ice Sheet to
the AMOC.

Page 12, Line 315 — 316: | would like to suggest: “an overshoot cascade changes by
variations of Greenland Ice Sheet’s melting patterns. More ...

Done. In combination with additional reviewer comments, this sentence (lines 366-368 in the
revised manuscript) has been changed to:

The relative size of the region in the parameter space which gives rise to an overshoot
/ bifurcation cascade changes by variations of the Greenland Ice Sheet’s disintegration
time. More...

Page 13, Line 340 — 342: | suggest: Here, .... of an AMOC weakening, and it may be ....
surface mass balance, for a warming ... ."

This sentence has been reformulated, also following a comment by Reviewer 2.

In particular, a more detailed explanation of effective tipping points for interacting tipping
elements has been added in the revised manuscript (lines 389-403):

Considering this negative feedback, the intrinsic tipping point of the Greenland Ice
Sheet (that is, the critical threshold of the Greenland Ice Sheet without any coupling,
compare Fig. 4(c) and (f), dashed grey; Klose et al. 2020) is replaced by two separate
effective deglaciation thresholds acug” and aoag® of the GIS (Fig. 4(c) and (f), solid
black), depending on the state of the AMOC. This is based on the theoretical
foundations of cascading dynamics for linearly coupled driving (or ‘master) and
following tipping elements, formulated in Klose et al. (2020): Interactions shift the
critical threshold of a responding system beyond which tipping is expected to lower or
higher values compared to the intrinsic tipping point depending on the direction of
coupling and the state of the driving tipping element, giving rise to effective tipping
point(s) of the responding system. Here, when considering the stabilizing effect of an
AMOC weakening on the ice sheet (Eq. (12)), the AMOC could be considered as the
driving system, while the ice sheet on Greenland would represent the responding
system. Based on Eq. (12), that linearly relates the AMOC state in terms of the North
Atlantic box temperature and the GIS surface mass balance, two deglaciation
thresholds aoug'” and acwg® may then be crossed with a decreasing surface mass
balance in a warming climate (Fettweis et al. 2013): For ao < acuy'” @ complete melting
of the GIS is obtained given that the AMOC resides and remains in its 'on’--state. Given
that the AMOC resides in its 'off--state, the GIS melts down completely for ap < aodgc®.
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Page 13, Line 344: Do you mean “distinct tipping thresholds” or “different tipping
thresholds”?

We thank the reviewer for asking for clarification. We here refer to the two effective
deglaciation thresholds for the Greenland Ice Sheet. These arise and are relevant when
considering a negative feedback from a relative cooling around Greenland with a weakened
AMOC compared to the intrinsic deglaciation threshold. In that respect, ‘distinct’ and ‘different’
may be correct here.

To avoid confusion, we replaced ‘distinct’ by ‘separate’ in the revised manuscript (line 403).
Page 13, Line 349: Please replace "observed" with "detected."

Done.

Page 15, Line 356 — 358: The sentence "With the AMOC tipping .... from the AMOC
overturning strength" is unclear to me.

This paragraph explains how the tipping of the Greenland Ice Sheet may be avoided by the
stabilizing ‘negative’ part of the feedback loop. Here, the relative cooling in the North Atlantic
with a weakening or tipping of the AMOC is relevant. In the modelling approach, this process
is described by the linear dependence of the North Atlantic box temperature on the AMOC
overturning strength, compare Eq. (4).

We have reformulated this sentence and included a reference to the relevant Eq. (4) in the
revised manuscript. In the revised manuscript (lines 417-419), it now reads as:

With this AMOC tipping, a relative cooling of the North Atlantic box follows, given the
assumed linear dependence of the North Atlantic box temperature on the AMOC

overturning strength (Eq. (4)).

Page 15, Line 378: You may replace "ice sheet melting time" with "ice sheet
disintegration time"?

Thank you for this suggestion. We have changed the term in the revised manuscript.

Page 17, Line 389: | guess a comma is missing: “is accelerating (Shepherd et al., 2020),
and its ... .”

A comma is added in the revised manuscript.

Page 17, Line 398: Since you are apparently using the British syntax predominately,
replace "e.g.,” with "e.g.".

Done.

Page 17, Line 404 — 406: Unclear sentence. Please rephrase.
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In this sentence, we aim at giving available evidence for changes in the AMOC that have
already been observed. This includes the possibility that the AMOC gets closer to a critical
threshold, though we would like to stress that evidence is limited here for now (compare our
response to previous related comments).

We have rephrased this sentence in the revised manuscript, and hope that it got clearer. In
the revised manuscript (lines 467-471), this sentence now reads as:

A decline of 15 % in the strength of the overturning circulation since the mid-twentieth
century is found in the observed sea-surface temperature trend (Caesar et al., 2018)
and it is suggested that the current AMOC state might lose stability (Boers, 2021; Van
Westen et al., 2023).

Figure 1: Please increase the size of the hardly seen green points, which is stated in
the text (Page 9, Line 235): "subcritical Hopf bifurcation at $F_{GIS}$ $Hopf (indicated
by green points in Fig. 2(a)).”

We have increased the size of the green points in Figure 2 in the revised manuscript.

Figure 1, caption: The introduced variable $r_{a0}$ has to be defined. Please find a way
to introduce it and/or refer to the text.

We agree that the definition of the parameters H, rao and aomax could be improved. The
evolution of the surface mass balance on the ground ag, determined by the parameters ry0 and
aomax is described in lines 245-248 in the original manuscript. In the revised manuscript, we
have adjusted the introduction of these parameters. In particular, we have moved this
paragraph to introduce Section 4.2 on ‘Tipping cascades between GIS and AMOC without
negative feedback’ in the revised manuscript. A reference to the text has been added in the
figure caption.

Figure 3, caption: | would like to suggest the following modification to the figure
caption:” Shown is the AMOC overturning strength, also taking ... “ (drop “now”); “...
declining from pink (100 %) to grey (0 %) as indicated by the right colorbar.”; “indicate
the AMOC in its ‘on’-state, see bottom colorbar).”

We thank the reviewer for the suggestion of referring to the respective colorbar, and have
adjusted the caption of Figure 4 in the revised manuscript. In the revised manuscript the
corresponding part of the section now reads as:

(a)-(b) & (c)-(d): Dynamics of the AMOC in terms of the overturning strength q over
time. In addition, the GIS state in terms of the percentage of the initial GIS ice volume
is shown in terms of the colouring declining from pink (100%) to grey (0%), compare
colorbar on the right. The black lines indicate the 'on'- and the 'off-state of the AMOC
for the respective constant hosing without an additional freshwater input from
Greenland (Fgis =0 Sv). (c) & (f): Tipping outcomes of GIS and AMOC for pathways of
surface mass balance decrease with distinct constant hosing H within the (ao,H)-plane.
The respective tipping outcome is indicated by the colouring (grey: GIS deglaciation,
pink: no GIS deglaciation; stripes additionally indicate the AMOC in its 'on'--state;
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compare colorbar at the bottom of the figure). Solid black lines indicate the critical
thresholds of the GIS and the AMOC. The intrinsic thresholds aodec, Which arises by
neglecting the coupling via the temperature with a coupling strength d.. =0, is indicated
as grey dashed lines.

Figure 3: Please define the green arrows in the caption and drop them.

The green line in Figure 3 indicates all values of the hosing H for which the AMOC ‘on’-state
loses stability when additional mass loss and freshwater fluxes from Greenland is taken into
account (compare figure caption). The green arrow was included as additional visualization.
We agree that the green arrow, also in combination with a missing explanation and the use of
green arrows in Figure 4, is confusing. In the revised manuscript, we have removed the green
arrow in Figure 3.

Supplement Material
Table S1: Please add missing units, e.g., “psu” for $S_0$.

We thank the reviewer for pointing out the missing units in Table S1. We have added units in
Table S1 in the revised Supplementary Material, where applicable.

Table S1, caption: You may also define the unit Sverdrup in the caption.

We have defined the unit Sverdrup in the caption of Table S1 in the revised Supplementary
Material.

Table S2: What are the missing units of the listed salinity contents? Please add.

We thank the reviewer for pointing out the missing units in Table S2. We have added units of
the salinity contents in Table S2 in the revised Supplementary Material.

Table S3: Since the hosing flux $H$ has the unit “Sv” in your figures (e.g., 2b), and the
combined freshwater flux according to equation (11) shall result in “Sv” as well, the
unit of the parameters $A_i$ are dubious. Please check.

The parameters A; are multiplicative factors, and are unitless (Wood et al., 2019). We have
corrected the units in Table S3 in the revised Supplementary Material. In addition, we have
added an explanation of the parameters A; in the revised manuscript, following previous
comments of this and other reviewers.
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Abstract. The Greenland Ice Sheet and Atlantic Meridional Overturning Circulation are considered tipping elements in the
climate system, where global warming exceeding critical threshold levels in forcing can lead to large—scale and nonlinear
reductions in ice volume and overturning strength, respectively. The positive—negative feedback loop governing their interaction
{with a destabilizing effect on the AMOC due to ice loss and subsequent freshwater flux into the North Atlantic as well as a
stabilizing effect of a net-cooling around Greenland with an AMOC weakening »may determine the long—term stability of both
tipping elements. Here we explore the potential dynamic regimes arising from this positive—negative tipping feedback loop in a
proeess—based-physically—motivated conceptual model. Under idealized forcing scenarios we identify conditions under which
different kinds of tipping cascades can occur: Herein, we distinguish between overshoot tipping-caseades</ bifurcation tipping
cascades, leading to tipping of both GIS and AMOC)-, and rate-induced tipping cascades{, where the AMOC despite not
having crossed its own intrinsic tipping point tips nonetheless due to the fast rate of ice loss from Greenland). These different
cascades occur within corridors of distinct tipping pathways that are affected by the GIS melting-patterns-disintegration time
and thus eventually by the imposed forcing and its time-sealestimescales. Our results suggest that it is not only necessary to
avoid breaching-surpassing the respective critical levels of the environmental drivers for the Greenland Ice Sheet and Atlantic

Meridional Overturning Circulation, but also to respect safe rates of environmental change to mitigate potential domino effects.

1 Introduction

The Greenland Ice Sheet (GIS) and the Atlantic Meridional Overturning Circulation (AMOC) have been identified as possible
interacting tipping elements of the climate system, transitioning into a qualitatively different state once a critical threshold in
forcing levels of their respective environmental drivers is crossed (Lenton et al., 2008; Armstrong McKay et al., 2022).

Both components of the Earth system may be propelled towards an alternative state by positive feedback mechanisms {with

the crossing of a tipping point (Levermann et al., 2012), such as the melt—elevation feedback in Greenland (e.g. Robinson et al., 2012)
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or the salt-advection feedback relevant for AMOC dynamics

e.g. Rahmstorf, 1996). From a mathematical viewpoint, different mechanisms for critical transitions have been identified (Ash-

win et al., 2012; Halekotte and Feudel, 2020). Tipping towards a qualitatively different state may be induced when a bifurcation
point is transgressed by a slowly changing control parameter of the system (bifurcation—induced tipping) (Ashwin et al., 2012).
By contrast, a system in its bistable regime may be driven to its alternative state by noise without a change in external con-
ditions (noise—induced tipping) (Ashwin et al., 2012; Ditlevsen and Johnsen, 2010). Moreover, a system can be pushed into
another state by one singular shock perturbation or extreme event (shock tipping) (Halekotte and Feudel, 2020; Schoenmakers
and Feudel, 2021). Finally, a transition to a different system state due to a control parameter change exceeding a critical rate
at which the system fails to track its changing quasi—steady equilibrium is called rate—induced tipping (Wieczorek et al., 2011;
Ashwin et al., 2012; Vanselow et al., 2019; Lohmann and Ditlevsen, 2021).

The Greenland Ice Sheet and Atlantic Meridional Overturning Circulation are strongly linked via freshwater fluxes into the

North Atlantic originating from a melting GIS on the one hand, and via a relative cooling around Greenland with a slowdown of

the AMOC on the other hand Kriegler-et-al52009+-Sinetet-al52023)(Kriegler et al., 2009; Bamber et al., 2012, 2018; Vellinga and Wood.

. More specifically, the increasing mass loss of the GIS (Shepherd et al., 2020; Mouginot et al., 2019; Van den Broeke et al.,
2016) results in a freshwater input to the North Atlantic (Bamber et al., 2012, 2018; Trusel et al., 2018), which is-assumed-to

may weaken the AMOC by decreasing sea water density and thereby weakening deep water formation {Caesar-et-al;2018; Rahmstorf-et-al-

Caesar et al., 2018; Rahmstorf et al., 2015; Golledge et al., 2019). The weakening or even tipping of the AMOC may be ac-

companied by a reduced northward heat transport and thus a relative cooling around Greenland (VeHinga-and-Weeod; 20022008 Jackson-et

Vellinga and Wood, 2002, 2008; Jackson et al., 2015; Madsen et al., 2022), which, in turn, may act in a stabilizing way on the
melting processes of the GIS (Kriegler et al., 2009). The-There is still a knowledge gap of the effect of this pesitive—negative
positive-negative feedback loop on the overall stability of the coupled system of climatic tipping elementsistargely-unknown.

The potential for cascades arising from tipping element interactions such as the feedback loop between the ice sheet on
Greenland and the Atlantic Meridional Overturning Circulation has been addressed by modelling efforts of different complex-
ity. Building on Abraham et al. (1991) and Brummitt et al. (2015), the qualitatively different dynamics arising from interactions
of idealized tipping elements and preconditions for the emergence of tipping cascades have been studied (Dekker et al., 2018;
Klose et al., 2020, 2021). The propagation of tipping cascades on complex networks is affected by the network topology with
clustering and spatial organization increasing the susceptibility to cascades (Kronke et al., 2020). In particular, small-scale
motifs promote tipping cascades by decreasing the critical coupling strength to trigger a tipping cascade (Wunderling et al.,
2020b).

Within the climate system, interactions between several large—scale tipping elements including the AMOC and the Green-
land Ice Sheet as well as the West Antarctic Ice Sheet and the Amazon rainforest have been described (Kriegler et al., 2009;
Gaucherel and Moron, 2017) and the arising dynamics may involve cascades (Lenton et al., 2019; Rocha et al., 2018). The
interactions between these four key climate tipping elements tend to be overall destabilizing under ongoing warming as
found-suggested by integrating expert knowledge and including uncertainties of critical temperature thresholds and interac-
tion strengths into a risk analysis approach for these interacting tipping elements (Wunderling et al., 2023, 2021, 2020a).
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Employing physieal-proeess—based-physically—motivated but still conceptual models, it was demonstrated that the intensifica-
tion of ENSO, which is associated with growing oscillations of eastern Pacific sea surface temperatures after the crossing of
a Hopf bifurcation, may be initiated by an AMOC collapse (Dekker et al., 2018). The AMOE-may,in-turn,-dynamics of the
AMOC and ice sheets in Greenland and West Antarctica as a chain of tipping elements was assessed by Sinet et al. (2023).
Here, the AMOC may be stabilized by a disintegration of the West Antarctic Ice Sheet, thereby potentially hindering cascading
tipping in the climate system(Sinet et ak-2023).., The stabilizing effect of a net—cooling around Greenland with an AMOC

Significant changes of both systems are observed at present with an acceleration of GIS mass loss (Shepherd et al., 2020;
Trusel et al., 2018) as well as a weakening of the AMOC (Caesar et al., 2018)imply-, though AMOC reconstructions are
associated with hi

h uncertainties (Moffa-Sanchez et al., 2019). There is limited evidence that these changes may be related to

the approach of a critical threshold with ongoing global warming s ; : S5 Boers and Rypdal, 2021; Boers, ~

. In addition, triggering and transmission of abrupt changes of these systems by ice—ocean interactions may have occurred in
the past as suggested by paleoevidence (Brovkin et al., 2021; Thomas et al., 2020). Guided by present—day observations and
insights from paleoclimate records, the potential future dynamics of the coupled GIS—-AMOC system have been explored in
the framework of e.g. hosing experiments (compare Sect. 2 for further details). However, the effects of a possible non-linear
disintegration of the GIS with different rates and the additional negative feedback via temperature changes around Greenland
for cascading tipping behaviour have not been explicitly considered on long time-seales-timescales yet.

Here, we qualitatively explore the dynamics and in particular the risk of cascading tipping behaviour emerging from the
interaction of GIS and AMOC via a positive—negative feedback loop of freshwater fluxes into the North Atlantic and a relative
cooling around Greenland. In Sect. 2 we give more details on changes observed at present, constraints from paleoclimate
evidence for the potential future behaviour and previous modelling approaches of the coupled GIS—-AMOC system, which
motivate our study. The interaction of the GIS and AMOC is captured by coupled proeess—based-physically—motivated while
still conceptual models of both climatic tipping elements (Wood et al., 2019; Levermann and Winkelmann, 2016) (Sect. 3and
Seet—3-1). The aim here is not to provide quantitative statements or projections on the emergence of tipping cascades in the
climate system. Rather, our approach allows us to examine the qualitative behaviour of the coupled system under a multitude of
forcing scenarios and on long time-seates-timescales, as presented in Sect. 4. Complementing freshwater hosing experiments,
we study the AMOC response to a decline of the GIS under idealized forcing scenarios yielding distinet-GIS-meltingpatterns
a range of ice—sheet disintegration times (Sect. 4.2). These include a rate-induced cascade where the AMOC tips due to the
rapid ice loss from Greenland without having crossed its own tipping point yet. To this end, we show that, in our model, the
potentially stabilizing effect of the relative cooling around Greenland due to an AMOC slowdown may prevent a tipping of the
GIS only conditionally for a limited forcing, given that the AMOC resides close to its threshold (Sect. 4.3). These findings are

relevant for defining safe pathways of environmental change to maintain the resilience of the Earth system (Sect. 5).



2 Greenland Ice Sheet and Atlantic Meridional Overturning Circulation as interacting tipping elements

Here, we explore current observations on the state of the individual tipping elements as well as paleoevidence for past tipping
90 cascades in more detail. These insights form the basis for assessing the future stability of the interacting Greenland Ice Sheet
and the AMOC under ongoing global warming. Previous modelling approaches capturing aspects of the coupled GIS—AMOC

system and determining potentially arising dynamics are presented and their limitations are discussed.

Observed changes Observations reveal pronounced changes of both systems: At present, the Greenland Ice Sheet is losing

95 mass at an accelerating rate due to an increase in surface melt and ice discharge (Shepherd et al., 2020; King et al., 2020),
totaling to a loss of 3902+342 Gt of ice between 1992 and 2018 (Slater et al., 2021). The AMOC may have reached its
weakest state in at least a millennium (Caesar et al., 2021) after a slowdown in the past decades (Rahmstorf et al., 2015;

Caesar et al., 2018). Early-warning-signals-indicate-Based on early warning signals the proximity of a critical threshold in
west Greenland (Boers and Rypdal, 2021) and a potential loss of stability of the current strong AMOC mode (Beers;2021)

100 (Boers, 2021; van Westen et al., 2024) have been suggested.

Paleoevidence of tipping interactions In Earth history, strong retreats of the Greenland Ice Sheet (e.g., during the Pliocene
and interglacials of the Pleistocene; Dutton et al., 2015; Schaefer et al., 2016; Christ et al., 2021) and a slowdown of the
AMOC (e.g., during the last glacial period; Rahmstorf, 2002; Ritz et al., 2013; Lynch-Stieglitz, 2017) have likely occurred.

105 Paleoclimate evidence suggests that some abrupt changes of the AMOC and the Greenland Ice Sheet may have been mediated
by cryosphere—ocean interactions (Brovkin et al., 2021; Thomas et al., 2020). Large regional temperature changes in Green-
land during the last glacial period are associated with changes of the AMOC (Lynch-Stieglitz, 2017; Barker and Knorr, 2016).

In turn, past AMOC regime shifts are connected to freshwater pulses into the North Atlantic originating from a changing

cryosphere : i s Brovkin et al., 2021).

110
Previous modelling approaches The fate of the AMOC in response to a freshwater flux from Greenland, i.e. the effects of
a unidirectional coupling of the GIS towards the AMOC, was studied in terms of freshwater hosing experiments in General
Circulation Models (GCMs) (Hu et al., 2009; Jungclaus et al., 2006; Stouffer et al., 2006; Swingedouw et al., 2013, 2015;
Rahmstorf, 1995). In addition, experiments with coupled climate—ice sheet models under global warming were conducted

115

. In general, the AMOC response to a freshwater flux associated with a GIS melting ranges from no significant weakening to an
observable effect on the AMOC strength o ; ; i ; : -
2003; Ridley et al., 2005; Winguth et al., 2007
120 . A collapse of the AMOC was found by Stouffer et al. (2006) in response to a freshwater input of 1.0 Sv (10° m3 s=1)

Fichefet et al.,

for 100 years and by Fichefet et al. (2003) in simulations of the 21st century climate. The AMOC trajectory under tem-



porary freshwater input depends among others on the sensitivity of the considered model and the background climate state
(Swingedouw et al., 2013, 2015). However, freshwater inputs into the North Atlantic in such hosing experiments are highly
idealized, vary in terms of their magnitude as well as spatial and temporal characteristics and do not take into account the
125 nonlinear melting characteristics of a tipping of the ice sheet on Greenland (Trusel et al., 2018; Robinson et al., 2012). In
addition, the potential stabilizing effect of relatively colder temperatures in Greenland on the ice sheet Jackson-et-al52615)-
(Jackson et al., 2015; Madsen et al., 2022) is not included. Many Earth system models are debated to be biased towards a too
stable AMOC and hence may not be able to resolve its nonlinear behaviour due to missing couplings, processes and feedbacks,
uncertainties in their representation and biases in fluxes of salt and heat between ocean basins (Liu et al., 2017; Valdes, 2011;
130 Weijer et al., 2019). Finally, computational constraints impede assessing multiple potential AMOC trajectories under uncertain
parameters and climate forcings on long time-seales-timescales (Wood et al., 2019; Jackson and Wood, 2018). However, con-
siderations on long time-seales-timescales are relevant given the rather slow ice sheet response to perturbations in its climatic
boundary conditions but also to determine the state to which the AMOC eventually converges after a freshwater perturbation

Fichefet et al., 2003; Jackson and Wood, 2018; Weijer et al., 2019; M

135 . The hosing experiments were supplemented by more conceptual approaches allowing for an uncertainty analysis of the future

development of the AMOC overturning strength under global warming and ice sheet melting (Zickfeld et al., 2004; Bakker

et al., 2016).
Recently, a possible rate—induced tipping (Ashwin et al., 2012) of the AMOC for a quickly changing, time—dependent fresh-
water forcing in a three—dimensional ocean model (Lohmann and Ditlevsen, 2021) confirmed the suggested sensitivity of the
140 AMOC to the rate of driver change (Stocker and Schmittner, 1997; Alkhayuon et al., 2019). It may further hint to cascading tip-
ping of the interacting GIS and AMOC due to time-seale-timescale differences between e.g. the freshwater input and the AMOC
response time-seale-feompare e-.g-bohmann-etal; 202 htimescale (Lohmann et al., 2021; Lohmann and Ditleysen, 2021). In

particular, the rate of melting of the ice sheet on Greenland was suggested to depend on the magnitude of the surface warm-
ing above its tipping point {Rebinsen-et-al;2042)(Robinson et al., 2012; Bochow et al., 2023). Such a rate—induced cascade
145 induced by crossing critical rates of environmental change complements the commonly suspected tipping cascades involving

bifurcation—induced tipping (Dekker et al., 2018; Klose et al., 2021; Wunderling et al., 2021).

3 Conceptual models describing individual tipping dynamics and interactions

In the following, we introduce conceptual proeess—based-physically—motivated models representing the dynamics of the indi-
vidual tipping elements. The one—dimensional ice sheet model depicting the potential tipping behaviour of the Greenland Ice

150 Sheet and the box model capturing the AMOC thresholds are outlined in Sect. 3.1 and Sect. 3.2, respectively. In Sect. 3.1, our

approach of modelling the interactions of GIS and AMOC via freshwater fluxes and temperature changes is presented.



3.1 Greenland Ice Sheet evolution with a one-dimensional ice sheet model including melt—elevation feedback

To describe the behaviour of the GIS, we use a well-established flowline model in the z—z—plane, where the ice sheet rests
on a flat, rigid bed. Basal melting is neglected and the ice softness is assumed to be constant, i.e., it does not depend on the
155 temperature. The evolution of the ice thickness h, based on the shallow—ice approximation (Hutter, 1983), can then be described

by the following governing equation (Greve and Blatter, 2009):
oh 0
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with the surface-mass-balanee-as-ice softness A, Glen’s flow law exponent n, the ice density pand-, the gravitational accelera-

160 tion g —and the surface mass balance a,. The surface mass balance of an ice sheet is the sum of mass gain through precipitation
and mass loss through runoff, erosion and sublimation runoff at its surface. Changes in ice thickness h depend on the divergence

of the ice flux(first-term-on-therighthand-side-ef- Eq—- I and the mass balance at the surface a, (first and second term on right
hand side of Eq. (1), respectively). We assume a horizontal ice—sheet extent of 2L from x = — L ane-to x = L being symmetric

around the ice dome with zero ice thickness at the boundary:

165 (Jouvet et al., 2011), associated with a continent bounded by the ocean without floating ice shelves (Oerlemans, 1981). If not
stated otherwise, the parameter values in Table S1 are usedt, representing conditions similar to present-day-Greenland)present—day

Greenland. The ice thickness equation, Eq. (1)—(2), is combined with a simple parameterization of the melt—elevation feedback
(Zeitz et al., 2022) following Levermann and Winkelmann (2016) to capture the non—linear dynamics and tipping behaviour
of the GIS (Robinson et al., 2012). That is, a lowering of the ice sheet surface enhances surface melt as the ice sheet surface
170 is exposed to warmer air temperatures according to the atmospheric lapse rate I'. Thereby, the surface mass balance ag is
reduced and further ice loss is promoted. In particular, it is assumed that the surface mass balance as depends linearly on the
ice thickness h (here equivalent to the ice sheet surface elevation) such that a changing ice thickness alters the surface mass

balance as follows:
as =ag+~Ch, (3)

175 with the atmospheric lapse rate I'> 0 and the surface melt sensitivity -y describing the variation in surface melt with temperature
changes (Levermann and Winkelmann, 2016). The surface mass balance for h = 0, that is dy, is not spatially dependent. Based
on the thickness h(z,t) of the ice sheet with a horizontal extent 2L (Fig. 1(a)), the ice volume is approximated using a constant
ice sheet length w = 1000 km (Fig. 1(a)). The value of the ice sheet length is chosen such that the present—day GIS ice volume
(Morlighem et al., 2017) is approximately obtained for the initial ice sheet configuration at the start of our experiments. Note

180 that the ice sheet length w is kept constant irrespective of a possible change of the GIS ice thickness h(z,t).

The ice thickness evolution equation Eq. (1)—(2) together with the melt-elevation feedback Eq. (3) has been shown to
generally capture the hysteresis behaviour of the GIS (Levermann and Winkelmann, 2016): For 6=y —~<-¢g-dg > ag, = 0

a stable ice sheet is built up, where ag,, denotes the glaciation threshold. Two configurations of the ice sheet exist for ag,, <
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ap < ag,,, where the ice sheet will either evolve into a stable state with the ice volume close to present-daypresent—day, or
an ice—free state is obtained depending on the initial conditions. Crossing the deglaciation threshold au—=>t0-dg < dg,,.
leads to a complete disintegration of the ice sheet. Note that the ice—free state is obtained by enforcing a non—negative ice
thickness (Hindmarsh, 2001; Van den Berg et al., 2006). Obtaining a small remaining ice cap under warming as suggested by
fully—dynamic ice sheet models (e.g., Robinson et al., 2012) requires te-inelude-including additional processes beyond those

considered here.
3.2 AMOC evolution using a box model of the global ocean

The dynamics of the AMOC is described by a global ocean box model (Wood et al., 2019; Alkhayuon et al., 2019), which
consists of five boxes: the North Atlantic (IV), the Tropical Atlantic (7°) and the Indo—Pacific (I P) box connected via the
Southern Ocean (.S) box and a box corresponding to the bottom waters (B). Following Wood et al. (2019), it is assumed that
the temperature 7'y of the North Atlantic box is linearly dependent on the AMOC strength g

Ty =pq+To “4)

with the North Pacific temperature 7y and the constant p, while the temperatures of the other boxes are fixed. The AMOC
strength ¢ is determined by the density difference between the North Atlantic and the Southern Ocean box

A [Ot(TS - T()) + B(SN - SS)]

qg=Aa(Ts —Tn)+B(Sy —Ss)] = T+ Ao )
where A is a hydraulic constant and « and 3 are the thermal and haline coefficients, respectively (Wood et al., 2019).
By salt conservation, the salinities S; with ¢ € {N,T,S,IP, B} for ¢ > 0 are described by
VNdjTN =q(St — Sn) + Kn (St — Sn) — FnSo (0)
VT% =q[kSs + (1 —k)Sip — S7| + Ks(Ss — St) + Kn(Sn — S1) — FrSo @)
Vs% =kq(Sp — Ss) + K1p(Srp — Ss) + Ks(St — Ss) +n(Sp — Ss) — FsSo )
lediip =(1-r)q(Se —Srp) + Krp(Ss— Sip) — F1pSo )

and-analogouslyfor¢—<-0-with the box volumes V;, the surface freshwater fluxes F; and the gyre coefficients K; as coefficients
of a diffusive flux representing a wind-driven-wind—driven salinity transport between the boxes where i € {N,T,S,IP, B}. The
parameter 7 describes the mixing between the Southern Ocean and the bottom water box. x gives the proportion of the cold

water path as the AMOC flow returning via the South Pacific and the Drake Passage (Wood et al., 2019). If not stated otherwise,

the parameters displayed in Table S1 are used. A second set of equations for the salinity evolution in each box in the case ¢ < 0
can also be formulated based on salt conservation. The salinity S in the bottom water box is determined by assuming a

constant total salt content (C' = const., determined by the initial conditions for the salinities following Alkhayuon et al. (2019),



compare Table S2)
C=VNSn+VrSr+VsSs+VipSip+VeSa (10)

215 given that the surface freshwater fluxes satisfy Fiy + Fr+ Fs+ Frp = 0. A hosing H resulting in the surface freshwater fluxes

of the form

F,=F,,+A:H an

is applied where i € {N, T, S, 1P} s Here, Iy, are considered

as baseline surface fluxes of the respective ocean boxes under pre—industrial conditions, and A; are multiplicative factors
220 distributing additional surface freshwater fluxes across the boxes based on the hosing H (Wood et al., 2019). The hosin
surface freshwater flux pattern follows Wood et al. (2019) as shown in Table S3 —The-hesing-pattern-and corresponds to an

additional freshwater input into parts of the North Atlantic and Tropical Atlantic box (i.e. the North Atlantic over 20-50° N)
and a freshwater removal elsewhere.

surface freshwater fluxes based on the hosing H are here considered as increased river runoff and precipitation over the ocean

225 into the North Atlantic with a warmer climate. Note that freshwater fluxes are introduced as virtual salinity fluxes based on a

sedThese additional

reference salinity as in previous ocean box models, e.g., Rahmstorf (1996); Lucarini and Stone (2005) and likewise in some

GCMs, e.g., Swingedouw et al. (2013); Yin et al. (2010); Rahmstorf (1996)using-areferenee-salinity, that often apply a rigid
lid approximation. Thus, their effect on the mass balance is neglected keeping the ocean volume constant.

4 Results
230 3.1 Modelling interactions of GIS and AMOC via freshwater fluxes and temperature

GIS and AMOC interact via freshwater fluxes into the North Atlantic originating from a melting GIS on the one hand, and via
a relative cooling around Greenland with a slowdown of the AMOC on the other. These suggested interactions are included in
our study by the coupling of the above described models as follows:
The relative cooling in the North Atlantic with a weakening of the AMOC (Vellinga and Wood, 2002, 2008; Jackson et al.,
235 2015) is assumed to imprint on the atmosphere and is related to the surface mass balance of the GIS via a constant factor d,,

and the ice melting sensitivity 7. The surface mass balance of the GIS ay in Eq. (3) is then replaced by
do = ap +vdoa (T, —Tv) (12)

where Ty, is areference temperature in the North Atlantic box given with respect to a reference hosing Her. We will refer to
ap as the surface mass balance en-the-greund-at the ground level. In the following, Hyf = 0 Sv is chosen corresponding to the
240 quasi—equilibrated AMOC under preineustrial-pre—industrial atmospheric CO2 concentration conditions. Fer-a-deelining-With

H > H.y, the AMOC overturning strength q ef-the AMOC-with-H—>Hrdeclines. Driven by Eq. (4), the temperature Ty in
the North Atlantic box then declines as wellaceerding-to-Eg—. For d,,, = 0, we reeever-obtain a unidirectional couplingwith-an
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Figure 1. Interactions between Greenland Ice Sheet (GIS) and Atlantic Meridional Overturning Circulation (AMOC). (a): The model
presented here investigates the positive—negative feedback loop between the two tipping elements via freshwater fluxes from Greenland ice
loss and temperature changes due to changes in the overturning circulation. The dynamics of the Greenland Ice Sheet is modelled by a
simplified approach including the melt—elevation feedback (see Eq. (1)-(3)). The ice sheet extent is captured by its horizontal width 2L and a
constant length w, as indicated in the figure. The AMOC is represented by a box model (see Eq. (4)—(11)). (b): The GIS surface mass balance
orat the ground level decreases linearly in time in our experiments across the deglaciation threshold ao,,,, with a ramping rate rq, towards a
final value ao,,,, (Sect.4.2). Both the ramping rate r,,, and the final value ao,,, are varied across the experiments presented here, as indicated

by the distinct lines in (b).

2:, where Greenland

is not exposed to any changes in the North Atlantic (Eq. (12)).

Fhe-In addition, the freshwater flux into the ocean along Greenland’s coast resulting from the mass loss of the GIS (Bamber

et al., 2012, 2018; Trusel et al., 2018) is added as F{;s to the surface-freshwaterflux-hesing-of-the-combined freshwater into
the surface North Atlantic box as:

Fy=Fn,+AnH + Fais (13)

The GIS freshwater flux Fgig is determined by integrating the thickness change of the ice sheet over its spatial horizontal
extent and approximated into a volume loss by the constant ice—sheet length w (Sect. 3.1). It eventually acts as a virtual

salinity flux, while assuming a constant ocean volume (compare Section 3.2). The freshwater flux Fgis from the GIS is set to
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zero (Fgis = 0 Sv) if the GIS resides in a steady—state configuration (or grows). Hence, the freshwater flux Fgg is non—zero

(Fors#Fgis > 0 Sv) only during a height (or volume) loss of the GIS over time corresponding to the ice sheet decline.

4 Results

4.1 AMOC bifurcation structure for varying freshwater fluxes

Depending on the hosing H, a strong “on’ and a weak ’off’ AMOC configuration may coexist as stable states in this global

ocean box model (Fig. 2(a), indicated in blue). The AMOC ’on’—state looses stability via a subcritical Hopf bifurcation upon

¢, as shown by Alkhayuon et al. (2019). It eventually disappears when it meets the separatin

The freshwater flux Fgis from the Greenland Ice Sheet supplements the hosing / and additionally controls the long—
term stability of the AMOC. It has an additive effect on the total freshwater flux into the Atlantic ocean, which enhanees
increases the already existing hosing H and thus may take the AMOC to its ‘off’—state if reaching a critical value through-
out the GIS decline. As exemplarily-indicated in Fig. 2(a) (black and grey lines), for a fixed hosing there exists a critical
threshold FGISHOPf(H = const.) on varying the freshwater flux Fgis beyond which the ‘on’—state of the AMOC is not stable
anymore. In particular, the upper stable branch loses stability via a subcritical Hopf bifurcation at Fgs,,, (indicated by green
point in Fig. 2(a)). The upper branch disappears when it meets the unstable middle branch at a turning point of the bifurca-
tion curve. Note that the Hopf bifurcation Fgis,,,, and the turning point are very close to each other and therefore cannot be
clearly distinguished in Fig. 2(a). Figure 2(b) illustrates how the GIS freshwater flux threshold Fgs,,,, changes depending on
the hosing H. With increasing hosing I and thus by getting closer to the hosing threshold Hyqpr (Alkhayuon et al., 2019),

the threshold Fgis,,,, is shifted to smaller values. Note that, while the GIS freshwater flux Fgis has been discussed in the

style of an external control parameter here, it is even

into-a-actually a state variable in transient experiments that represents the freshwater flux into the North Atlantic due to the
time—dependent decline of the GIS.

4.2 Tipping cascades between GIS and AMOC without negative feedback

We explore the dynamics and possible tipping outcomes of the interacting GIS and AMOC, which are represented by the model
introduced in Sect. 3 and coupled via freshwater fluxes and temperature changes as outlined above, in response to a changing
surface mass balance en-the-ground-at the ground level ag, as observed over the past decades and projected with progressing
global warming (Shepherd et al., 2020; van den Broeke et al., 2017; Fettweis et al., 2013). More specifically, the surface mass
balance en-the-ground-at the ground level ag is decreased linearly with a ramping rate r,, towards or across the deglaciation
threshold ag,, beyond-whieh—. Once this deglaciation threshold is crossed, a stable ice sheet cannot be sustained. +s-The
surface mass balance at the ground level is then kept constant after a final value év,—aq,,. < ag,,, is reached (Fig. 1(b)). The

AMOC hosing H < Hpygpr is fixed. It is assumed that the ice sheet initially resides in a state with an intact ice sheet.

10
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4.3 TFipping-easeadesbetween-GIS-andAMOC

In a first step, we study the AMOC response to a disintegration of the GIS by choosing a coupling strength d,, = 0 under ide-
alized forcing scenarios (as described above and indicated in Fig. 1(b)), complementing previous freshwater hosing experiments
. Different types of cascading tipping can be identified (Sect. 4.2.1). The occurrence of these qualitatively different tipping path-

ways is quantified in the space of parameters which determine the evolution of the environmental drivers for GIS and AMOC

(Sect. 4.2.2). In particular, by increasing the hosing H the AMOC is brought closer to its critical (hosing) threshold, changin
its susceptibility to an additional freshwater flux from Greenland.

4.2.1 Types of tipping cascades

By decreasing the surface mass balance on-the-ground-at the ground level associated with progressing warming as qualitatively
displayed in Fig. 1(b), the GIS is forced across its deglaciation threshold and eventually melts-down-disintegrates completely
when neglecting the negative temperature feedback. The-AMOC-hesingHH—iskept-constant—For all experiments, it is as-
sumed that the GIS initially resides in a steady state with an intact ice sheet for a surface mass balance en-the-ground-at the
ground level ag = -0.3 m a~! and the AMOC is initially in its "on’—state corresponding to the fixed hosing H = const. The
approximated-freshwater volume loss resulting from the forced deglaciation of Greenland is-intreduced-as-corresponds to a
time—varying GIS freshwater flux Fgig into the North Atlantic. Thus;with-the-This time—dependent GIS freshwater flux -which

tﬂefea%es—aﬁd—%ub%eqtm&}ydeefeaﬁes—diﬁmgfhedeelmeeﬁfh&%ﬁrst increases as the ice sheet disintegrates. Consequently,
the AMOC moves-in-theF A-tOW hig v hw fax—-Grgoverturning gth declines, poten-

tially overshooting its threshold (Ritchie et al., 2021), but eventually returns to Fgis = 0 Sv under-a-with a disintegration of
the ice sheet on Greenland under otherwise constant hosing (Fig. 2(a), with AMOC trajectory approximately following black
and grey lines). For-exemplary-melting-patterns-Depending on the disintegration time of the GIS and positions of the AMOC
relative to its hosing threshold we can identify different types of cascading tipping of the GIS and the AMOC. The identified
patterns-types of cascading tipping are qualitatively comparable to AMOC responses to an artificial freshwater flux as ebserved
detected in previous hosing experiments using GCMs.

In particular, the AMOC may transition to its “eff—state-‘off’-state in response to the toss-disintegration of the Greenland Ice
Sheetand-, This may be accompanied by a temporary overshoot of the GIS freshwater flux thresholdin-an-, resulting in an over-
shoot / bifurcation cascade (Fig. 2(c)). The increasing GIS freshwater flux takes the AMOC out of the basin of attraction of the
“on’—state-and-‘on’ -state, while the AMOC does not returrrecover after the decline of the GIS freshwater flux with the deglacia-
tion of Greenland. The surface mass balance is decreased stronghy-substantially beyond the deglaciation threshold to ag,,, = -
3.0 m a~! within about 3000 years, which results in a complete deglaciation of Greenland in this time period. This deglaciation

timescale and the resulting freshwater flux is of a comparable order of magnitude as determined for the ice—sheet collapse given

a constant regional summer temperature rise of 8 °C in Greenland in a fully—dynamic ice—sheet model (Robinson et al., 2012).
The resulting GIS freshwater flux is sufficiently slow such that the AMOC closely follows its *on’—state. Note that the AMOC

11
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is already shifted towards its hosing threshold along the upper stable branch with a hosing H = 0.16 Sv. Hence, the overshoot

/ bifurcation cascade does not necessarily contradict the AMOC weakening (witheut-tipping);-which-iscommonly-observed
without tipping, as commonly detected in hosing experiments (Mikolajewiez-et-al(2007)compare-Seet—4-22-forfurther
diseusston)—(Mikolajewicz et al., 2007, _compare Sect. 4.2.2 for further discussion).

Under-A faster and stronger decrease of the surface mass balance may drive a more extreme collapse of the GIS within
about 1000 yearstfor-a-fasterand-strongerdeerease-of-the surface-mass-balanee), which is comparable to Greenland becoming

ice—free until the end of the millennium under the higher—emission pathway RCPS8.5 in Aschwanden et al. (2019). In our

experiments, the AMOC may then undergo a critical transition to its "off’—state without a crossing of the GIS freshwater flux
threshold in a rate—induced cascade (Fig. 2(d)) as recently described for the AMOC due to an abrupt decline in sea—ice cover
(Lohmann et al., 2021). With the relatively fast deglaciation of Greenland, the AMOC leoses-track-ef-cannot keep up with
the stable ’on’—stateand-, leaves the stable "on’—state and then crosses the moving basin boundary. Rate—induced transitions
of the AMOC have already been explored by Stocker and Schmittner (1997) for varying CO2 emission rates. More recently,
Lohmann and Ditlevsen (2021) confirmed the suggested sensitivity of the AMOC to the rate of change of freshwaterfluxes
a time—dependent freshwater flux by demonstrating rate—induced tipping in a complex ocean model. Here, it is assumed that
both the ice sheet on Greenland and the AMOC are initially in equilibrium. However, small disturbances, e.g. in initial box

salinities, are always present in the real world. Initial conditions may additionally be important for the response of the AMOC

to a GIS decline as studied, e.g. as scenario—dependent basins of attraction (Kaszds et al., 2019).
4.2.2 Emergent dynamic regimes

We find qualitatively different cascading dynamics of an AMOC transition in response to a deglaciation of Greenland in our
model as an overshoot / bifurcation cascade and a rate—induced cascade. The conceptual nature of the model allows to study
these cascading dynamics with respect to the GIS m@gﬂm—%@g@m as well as the AMOC posi-

tion relative to its hosing threshold.

The deglaciation of Greenland in response to an idealized linear decrease of the surface mass balance en-the-ground-at the

ground level (Fig. 1(b)) is determined by how fast (rate of change of the surface mass balance of-the-ground-at the ground

level 7,4, ) and how far (final value beyond the deglaciation threshold ag,,, ) the Greenland Ice Sheet is driven across its tipping

point. Figure->2 By varying the ramping rate 7,, and the final value aq,,, of the GIS surface mass balance at the ground level,
we systematically explore and quantify the occurrence of these different dynamic regimes; that is, the overshoot / bifurcation
cascade and the rate-induced cascade of the Greenland Ice Sheet and AMOC. Thereby, we are able to qualitatively identify
safe and dangerous pathways (Armstrong McKay et al., 2022) for the evolution of the tipping element drivers in our model.
Figure 3 shows the overall tipping outcome (indicated by the colouring) depending on the timescale of GIS decline{. A range

of disintegration times of the Greenland Ice Sheet is assessed by varying the rate of change of the surface mass balance 74,

12
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Figure 2. Cascading tipping of the Greenland Ice Sheet and the Atlantic Meridional Overturning Circulation for unidirectional
coupling. (a): Long-term behaviour of the AMOC overturning strength ¢ as a function of the hosing H and the GIS freshwater flux Fgis.
The uncoupled case with zero freshwater flux Fgis = 0 Sv is indicated in blue; two cases under varying GIS freshwater flux with constant
hosing H = 0 Sv and H = 0.16 Sv are shown in black and light grey, respectively. Stable fixed points are given by the solid lines, while
unstable fixed points are given by the dashed lines. The critical GIS freshwater flux threshold Faisy,, for AMOC hosing H = 0 Sv and
H = 0.16 Sv is indicated in green. (b): GIS freshwater flux threshold Faisy,, depending on the AMOC hosing H. (c) and (d): Response of
the AMOC (pink to grey colouring indicating the respective state of the GIS at that point in time) in terms of the overturning strength ¢ to the
deglaciation of Greenland and the resulting freshwater flux Fais for a constant hosing H. The negative feedback via a relative cooling around
Greenland is neglected with a coupling strength doa = 0. (¢): Overshoot-easeade Qvershoot / bifurcation cascade for hosing H = 0.16 Sv
—and an evolution of the surface mass balance at the ground level aq with a ramping rate ra, = -0.001 m a™* and final value ao,,, = -
30ma? (compare Sect. 4.2), leading to tipping of the AMOC in response to a deglaciation of Greenland. (d): Rate—induced cascade for
hosing H = 0 Sv, ramping rate 74, = -0.1 m a~? and final value ao,,, = -3.55 m a~!, where the AMOC tips in response to the rapid ice

loss from Greenland albeit not having crossed its own respective tipping point yet.
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along the outer vertical axis and the final value of the surface mass balance aq_, along the outer horizontal axis). In addition,
the distance of the AMOC to its hosing threshold is taken into account¢, by varying the constant hosing H from H = 0 Sv
to close to the hosing threshold Hyopr along the vertical axis of the respective bar). The hosing value above which additional

freshwater from Greenland gives rivesrise to the stability loss of the AMOC ’on’—state (compare Fig. 2(a) and (b)) is denoted

by the green line in Fig

For slowly driving the Greenland Ice Sheet slightly across its deglaciation threshold (lower left corner in Fig. 3), the oc-
curence of the overshoot / bifurcation cascade with an overshoot of the GIS freshwater flux threshold (compare Fig. 2(c)) is
limited to relatively high hosing values sufficiently close to the AMOC hosing threshold (solid grey area above green line). For
relatively lower hosing values andthus-, thus, for the AMOC residing in greater distance to its hosing threshold, the AMOC
temporarily weakens with freshwater input from Greenland but eventually remains in its ’on’—state (as commonly oebserved
detected in hosing experiments) in response to a slow GIS deglaciation. The GIS freshwater flux threshold is not crossed
(dashed grey area below green line). Thus, for an overshoot / bifurcation cascade to occur with a slow ice sheet decline, a high
hosing determining the fixed surface freshwater flux hosing pattern is necessary in addition to the freshwater from the ice sheet
on Greenland. In other words, the AMOC is-has to be shifted closer to its hosing tipping point by increasing the hosing H for
a propagation of tipping from the Greenland Ice Sheet to the AMOC.

The relative size of the region in the parameter space which gives rise to an evershoot-cascade—changes-by—varying-the
melting-patterns-of-the-GISovershoot / bifurcation cascade changes by variations of the Greenland Ice Sheet’s disintegration

time. More specifically, with-a faster decrease of the surface mass balance and an increasing distance beyond the deglaciation
threshold of Greenland (going from lower left corner to center of Fig. 3;resulting-) result in a more rapid ice sheet collapse)-the
oversheot-easeadeis-. The overshoot / bifurcation cascade is then found already for lower values of the hosing I (solid grey
area above green line). Hence, an AMOC collapse due to overshooting the respective tipping point with a GIS deglaciation
may already occur for larger distances of the AMOC to its hosing tipping point.

Finally, a more rapid ice sheet decline with a fast onset of GIS melting and a sufficiently long period of sustained, high
freshwater input from Greenland allows for a rate—induced cascade to emerge (compare Fig. 2(d)). The AMOC collapses due
to the rapid ice loss from Greenland without having crossed its respective tipping point Fgisy,,, (going from center to upper

right corner of Fig. 3, solid grey area below green line). We are thus able to detect a rate-induced transition of the AMOC,

which occurs before the strong AMOC state loses stability and hence without crossing critical magnitudes of freshwater flux.
The ocean box model (Wood et al., 2019) may additionally allow for avoiding an AMOC collapse despite overshooting the

respective tipping point. Such a safe overshoot requires a fast onset of GIS melting followed by a fast enough decrease of the
freshwater flux (Alkhayuon et al., 2019; Wunderling et al., 2023). Starting from a Greenland Ice Sheet which approximately
resembles present—day conditions, safe overshoots of the AMOC tipping point are not found in our model for the range of melt

ttme-seales-GIS disintegration timescales considered here.
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Figure 3. Emergent dynamic regimes of the Greenland Ice Sheet and the Atlantic Meridional Overturning Circulation for unidi-
rectional coupling. Tipping outcomes in response to a GIS decline by linearly decreasing its surface mass balance on-at the ground level
(associated with progressing warming) with a ramping rate 7., (varied along outer vertical axis) to a final value ao,,, (varied along the
outer horizontal axis) beyond the GIS deglaciation threshold. The AMOC hosing (vertical axis of bars) is kept constant between H =0 Sv
and the AMOC hosing threshold Hyept. The respective tipping outcome is indicated by the colouring (grey: GIS deglaciation, pink: no GIS
deglaciation; stripes additionally indicate the AMOC in its "on’-state). The hosing above which the GIS freshwater flux threshold Faisy,, is
crossed temporarily by the freshwater flux arising from the GIS decline is indicated by the green line within in each bar. The black diamond
and the black rectangle indicate the combination of tipping element drivers for the overshoot / bifurcation cascade and rate—induced cascade,

respectively, as displayed in Fig. 2(c) and (d).
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4.3 Limited potential for stabilization with additional negative feedback

Finally, we explore the suggested stabilization-stabilizing effect of the additional negative feedback from a relative cooling
385 around Greenland with a weakened AMOC (Gaucherel and Moron, 2017) for the overall system behaviour. The-negative

Considering this additienalnegative feedback, the intrinsic tipping point of the Greenland Ice Sheet (that-is;-the-eritical- threshold-ef the-C

390 (that is, the critical threshold of the Greenland Ice Sheet without any coupling, compare Klose et al., 2020, Fig. 4(c) and (f), dashed gre
is replaced by two distinet-separate effective deglaciation thresholds a') and a((]i)c of the GIS —More-speeificallyinteractions

Odgc

Fig. 4(c) and (f), solid black), depending on the state of the AMOC. This is based on the theoretical foundations of cascadin

dynamics for linearly coupled driving (or *master’) and responding tipping elements, formulated in Klose et al. (2020): Interactions

shift the critical threshold of the-a responding system beyond which tipping is expected to lower or higher values compared
395 to the intrinsic tipping point depending on the direction of coupling and the state of the inftueneing-driving tipping element,

giving rise to effective tipping point(s) (Klese-et-al-2020)of the responding system. Here, the-effeetive-deglaciation-thresholds
arise-when-taking-inte-aceount-when considering the stabilizing effect of an AMOC weakening on the ice sheet (Eq. (12)), the
AMOC could be considered as the driving system, while the ice sheet on Greenland would represent the responding system.

Based on Eq. (12), that linearly relates the AMOC state in terms of the North Atlantic box temperature and the GIS surface
400 mass balance, two deglaciation thresholds o'’ and W@&W@@X&we crossed with a decreasing surface mass balance ;-that

is-projeeted-for-in a warming climate (Fettweis et al., 2013)—: For ag < al) a complete melting of the GIS ean-be-observed-is

Odgc
obtained given that the AMOC resides and remains in its ’on’—state. Given that the AMOC resides in its *off’—state, the GIS
melts down completely for ag < aéi)c. These distinetseparate tipping thresholds suggest a limited decrease of the surface mass

balance of-the-ground-at the ground level to aéﬁi >> ag,,. > a(()i)c as well as a strong decrease of the surface mass balance on

(2) (2)

405 the-ground-at the ground level ag,, << 0 beyond the effective deglaciation threshold 0, A8 different scenarios.

Decreasing the surface mass balance emulating a warming climate beyond its effective threshold a? {eorrespondingto

Odgc

a-strong-surface-mass-balance-deerease)-does not allow for a GIS stabilization (Fig. 2?4(a) and (b)). Instead, for an AMOC
residing sufficiently close to its hosing threshold, a GIS deglaciation and tipping of the AMOC to the ’off’-state is ebserved

detected (trajectory for H = 0.205 Sv in Fig. 224(a) and corresponding grey area in Fig. 224(c)). Given a lower freshwater

410 hosing H, the AMOC remains in its *on’—state with the deglaciation of the GIS (trajectory for H = 0.16 Sv in Fig. 224(b)
and corresponding dashed grey area in Fig. 224(c)). Hence, for a strong surface mass balance decreasethe-tipping-outeomes
strong or a collapsed AMOC depending on the hosing (Fig. 4(c)) is comparable to the dynamics detected when neglecting the
negative feedback via-the-temperature-are-quatttatively resembled-(Fig. 22(e)3).

415 A limited decrease of the surface mass balance may allow for a GIS stabilization by the negative temperature feedback.

As exemplarily-shown for a constant AMOC hosing H = 0.205 Sv in Fig. 224(d), the AMOC may leave its "on’—state and
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approach its *off’—state with an initial melting event of the GIS. With the- AMOC-tippingthis AMOC tipping, a relative cooling
of the North Atlantic box followsfrem-, given the assumed linear dependence of the North Atlantic box temperature from
on the AMOC overturning strength —(Eg. (4)). Eventually, the GIS does not continue melting after the initial melting event
420 (compare colour coding in Fig. 2?4(d)). The deglaciation of Greenland is avoided and the ice sheet is stabilized (for at least the
time period covered by-the-simulations—-in the simulations by the tipping AMOC in response to a pronounced initial melting.
However, the AMOC is required to reside close to its hosing threshold for the GIS stabilization to unfold in our model and
additionally to undergo a critical transition itself as indicated by the stabilization corridor (Fig. 224(f), pink corridor). For
pathways of a (limited) surface mass balance decrease outside of this stabilization corridor, the GIS melts down completely

425 while the AMOC remains in its *on’—state (trajectory for H = 0.16 Sv in Fig. 2?4(e) and corresponding eerridor-dashed grey
area in Fig. 224(f)-dashed grey-area).

5 Discussion and Conclusion

In summary, qualitatively distinct cascading dynamics may arise from the interaction of the Greenland Ice Sheet and the At-
lantic Meridional Overturning Circulation in a positive—negative feedback loop as suggested by a preeess—based-physically—motivated

430 conceptual model. The model captures the main positive feedback mechanisms for the potential tipping behaviour of both tip-
ping elements as well as their interaction via ice loss from Greenland introduced into the North Atlantic and a net—cooling
around Greenland with an AMOC weakening. Accompanied by a temporary overshoot of its critical threshold by the fresh-
water flux from a deglaciation of the Greenland Ice Sheet, the AMOC may undergo a critical transition in our model in an
overshoot / bifurcation cascade on the one hand. By contrast, tipping of the AMOC may occur without the exceedance of the

435 GIS freshwater flux threshold in a rate—induced cascade given a fast onset of GIS decline. Finally, an unfolding of the negative
feedback via a relative cooling around Greenland and a stabilization of the ice sheet is conditional on an AMOC collapse in
our model. Our results stress that the interplay of applied external and corresponding internal forcing time-seales-timescales
relative to the response time-seales-timescales of the tipping elements is of importance for interacting tipping elements of the
climate system as theses time-seales-timescales may eventually determine the tipping dynamics.

440 Accordingly, the occurrence of qualitatively distinct tipping dynamics and outcomes vary with the ice sheet melting-timesealesdisintegrati
time. This implies that safe pathways for the evolution of tipping element drivers preventing cascading tipping and their bound-
ary to dangerous pathways involving cascades are controlled by rates of changes of the responsible control parameters in ad-
dition to their magnitude. Hence, our model qualitatively suggests that it is not only necessary to stay below critical thresholds
in terms of the magnitude of some environmental condition (Schellnhuber et al., 2016) as intended by the Paris Agreement

445 (UNFCCC, 2015) to hinder tipping cascades. In addition, it is required to respect safe rates of environmental change to mitigate
domino effects as concluded previously for individual tipping elements (Ashwin et al., 2012; Luke and Cox, 2011; Petschel-
Held et al., 1999; Stocker and Schmittner, 1997; Wieczorek et al., 2011; Schoenmakers and Feudel, 2021) but stil-pending
to-be-not yet incorporated in management strategies to maintain the resilience of the Earth system (Rockstrom et al., 2009;
Steffen et al., 2015; UNFCCC, 2015; Rockstrom et al., 2023).
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Figure 4. Tipping dynamics for bidirectional coupling between Greenland and the AMOC. Shown is the AMOC overturning strength,
new-also taking into account the negative feedback via relative cooling around Greenland with a coupling strength do, = 2.857 for a ramping
mass balance (right column) under a constant hosing H. (a)—(b) & (c)—(d): Dynamics of the AMOC in terms of the overturning strength ¢
over time. In addition, the GIS state in terms of the percentage of the initial GIS ice volume is indieated-by-shown in terms of the colouring

rate 74, = -0.001 m a~2 with a strong decrease of the GIS surface mass balance (left column) and a limited decrease of the GIS surface

declining from pink (100 %) to grey (0 %), compare colorbar on the right. The black lines indicate the *on’— and the *off’—state of the AMOC
for the respective constant hosing without an additional freshwater input from Greenland (Fgis = 0 Sv). (¢) & (f): Tipping outcomes of
GIS and AMOC for pathways of surface mass balance decrease with distinct constant hosing H within the (ag, H)-plane. The respective
tipping outcome is indicated by the colouring (grey: GIS deglaciation, pink: no GIS deglaciation; stripes additionally indicate the AMOC in
its on’—state; compare colorbar at the bottom of the figure). Solid black lines indicate the critical thresholds of the GIS and the AMOC. The

intrinsic thresholds ao,,., which arises by neglecting the coupling via the temperature with a coupling strength doa = 0, is indicated as grey

dashed lines. 18



450

455

460

465

470

475

480

The Greenland Ice Sheet is at risk of crossing its tipping point with >1.5°C global warming (Robinson et al., 2012; Arm-
strong McKay et al., 2022). At present, the ice sheet’s mass loss is accelerating (Shepherd et al., 2020)and-its—western—part
already shows-early-warning signs of approaching-, and there is limited evidence that its western parts may already approach
a critical transition (Boers and Rypdal, 2021). While the crossing of the critical temperature threshold itself does not imply a
fast collapse, the time needed to melt the ice sheet on Greenland decreases with a higher temperature level above its tipping
point (as qualitatively obtained with our model as well as quantified using a three—dimensional polythermal ice sheet model by
Robinson et al., 2012). As a consequence, the future level of warming (even-if-having-transgressed-the-threshold)-controls the
rates of mass loss from Greenland and-iseven if having transgressed the threshold. It is, thereby, among others, decisive for its
impacts on cascading tipping of the AMOC.

In addition, the fate of the AMOC in response to freshwater input from the Greenland Ice Sheet is strongly dependent on
the AMOC position relative to the hosing threshold in our model. Given that the AMOC remains relatively far from its hosing
threshold, it may remain in its currently attained strong state. However, shifting the AMOC towards its hosing threshold¢, e.g.
swith increasing precipitation in the North Atlantic)-, can bring it into a region where freshwater from a GIS decline may
induce a collapse, This collapse may be triggered either by overshooting the respective tipping point or with a fast onset
of GIS melting). This suggests that AMOC weakening in hosing experiments and the inferred risk of an AMOC collapse
with ongoing global warming has to be evaluated from a dynamical systems point of view (compare Weijer et al., 2019) and
with respect to the distance of the present—day AMOC to its tipping point{, which is still relatively unknown). At the same
time, the AMOC may already be shifted closer to its tipping point: A decline of 15%- % in the strength of the overturning

circulation since the mid—twentieth-centary e RS S e e e RNt e

mid-twentieth century is found in the
observed sea-surface temperature trend (Caesar et al., 2018) and it is suggested that the current AMOC state might lose stabilit

Boers, 2021; van Westen et al., 2024).
Utilizing idealized (Dekker et al., 2018; Klose et al., 2020; Wunderling et al., 2021) or preeess—based-physically—motivated

while conceptual representations of climatic tipping elements (such as by Dekker et al., 2018; Lohmann et al., 2021, and
as for the Greenland Ice Sheet and the AMOC here) allows to qualitatively understand possible cascading dynamics in the
Earth’s climate system arising from tipping element interactions on long time-sealestimescales. At the same time, conclusions
to be drawn are limited because of simplifications both in the representation of the individual tipping elements, e.g. by a one—
dimensional ice sheet on a flat bed, and in their coupling, e.g. by the approximation of freshwater fluxes. Further extending the
presented conceptual model capturing the interactions of the GIS and the AMOC by an evolution of ocean box temperatures
or by adding climatic tipping elements and their respective interactions may enable a probabilistic assessment of the risk of
cascading behaviour in the network of tipping elements under global warming taking into account uncertainties. For example,
an additional freshwater flux into the Southern Ocean from a retreat of the West Antarctic Ice Sheet may prevent a collapse of
the AMOC despite of a deglaciation of Greenland under certain conditions as suggested recently by a model of comparable
complexity (Sinet et al., 2023). The stabilizing effect of a net—cooling around Greenland with an AMOC weakening is, however,

not included in the conceptual model of Sinet et al. (2023). To the end, we are still lacking quantitative insights on (1) the
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position of climatic tipping elements under current climate conditions with respect to their tipping points, (2) the strength of
their interactions and, subsequently, (3) the role of tipping cascades in the future evolution of the Earth system, in particular
under global warming. These may be obtained given an ongoing improvement of climate models e.g. by including ice sheet
dynamics (De Rydt and Gudmundsson, 2016; Gierz et al., 2020; Kreuzer et al., 2021). Finally, linking modelling approaches to
modern but also paleoclimate data (Thomas et al., 2020) may help to reduce uncertainties on the emergence of tipping cascades

in the past and in the future.

6 Code and data availability
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