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Author(s): René M. van Westen and Henk A. Dijkstra

Point-by-point reply to reviewer #1

February 20, 2024

We thank the reviewer again for their careful reading and for the useful
comments on the revised manuscript. Below the comments are in italic and
our response in normal font.

In this paper the authors study biases in the AMOC stability metric Fov,
by analyzing two CESM simulations with different resolutions, as well as a
large number of CMIP6 simulations. The authors conclude that the biases
that existed in CMIP3 and CMIP5 persist in CMIP6. Furthermore, they
point to several biases in the freshwater budget as likely culprits for these
biases in Fov.

I recognize that the authors have significantly improved the readability of
the manuscript by removing many figures, primarily from supplemental in-
formation. I commend them for making this effort. I did not find any fault
with the analysis, so in principle the paper is publishable, after considering a
few minor comments detailed below.

That said, despite the reduction in the number of figures, I still found
the paper a tedious read, and I’m concerned that this might be detrimental
to the impact of the paper. I think that the main culprit is the fact that this
paper drowns in details, making it hard to discern any overarching purpose of
the paper. In fact, the introduction lacks an explicit goal altogether, missing
an opportunity to provide direction for the subsequent analysis. What is the
research question that this paper wants to answer? And what analysis will
enable us to answer that question? I’m not recommending a major revision
of this paper, but it would help the reader if the authors could include some
summary statements here and there, as well as introductory statements that
explain why a certain analysis is being done, and how it helps to address the
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main thrust of the paper.

Author’s reply: We have made changes in the introduction (also fol-
lowing the comments of the reviewer below) that make the purpose of the
paper, and its scientific specific questions, more clear.

Minor comments:

1. l. 26: I think collapses have been found in models with every level
of complexity except for eddy-resolving models, but including the eddy-
permitting studies of Mecking et al.

Author’s reply:
Agreed.

Changes in manuscript:
We mention this now in the revised introduction.

2. l. 33: salinity → saline

Author’s reply:
Agreed.

Changes in manuscript:
Corrected.

3. l. 63: climatological → climatologies

Author’s reply:
Agreed.

Changes in manuscript:
Corrected.

4. l. 78: I find it hard to reconcile the use of the term ‘baroclinic’ with the
traditional use, even when simply meant to indicate a velocity profile
with the barotropic component removed. Removing a section-averaged
velocity surely retains a significant barotropic component of the resulting
flow field.

Author’s reply:
The reviewer is correct.
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Changes in manuscript:
We have rewritten this sentence and dropped the term ‘baroclinic’, we
refer to the definitions of v∗ and v̂.

5. l. 106-107, “In this section we focus. . . ”: It’s probably best to start
the section with this sentence, and it wouldn’t hurt to be more explicit
about the goal of the section.

Author’s reply:
Agreed.

Changes in manuscript:
We start the revised section with this sentence and have included the
goal of this section.

6. l. 107: simulation → simulations

Author’s reply:
Agreed.

Changes in manuscript:
Corrected.

7. l. 112: This applies to LR only.

Author’s reply:
Both the HR-CESM and LR-CESM remain in statistical equilibrium
and the natural variability in the HR-CESM is larger than that of the
LR-CESM.

Changes in manuscript:
We explicitly mention the LR-CESM here and that the HR-CESM (PI
Control) displays more natural variability.

8. l. 113: fairy → fairly

Author’s reply:
Agreed.

Changes in manuscript:
Corrected.

9. l. 114, caption of Fig. 1: Aghulas → Agulhas

Author’s reply:
Agreed.
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Changes in manuscript:
Corrected.

10. l. 149: “. . . both models, the AMOC. . . ”: insert ’while’.

Author’s reply:
Agreed.

Changes in manuscript:
Suggestion followed.

11. l. 159, 311: The statement about the horizontal mixing is not obvious
to me. On what evidence (or literature) is this based? How does this
relate to the use of GM in LR? And is there no role for vertical (or
isopycnal) mixing?

Author’s reply:
This statement was based on the ideal age of the NADW. The NADW
has a much larger ventilation rate in the HR-CESM than the LR-
CESM. The contribution of vertical mixing is smaller than that of
horizontal mixing in the NADW, hence the HR-CESM has a larger
ventilation rate as the eddy transport is explicitly resolved. We re-
moved the ideal age results from the Appendix to enhance readability
(as suggested by the reviewer in the previous round), but the results
are still available through Zenodo.

Changes in manuscript:
No changes in the manuscript.

12. l. 182: “. . . and is related to. . . ”: please rephrase.

Author’s reply:
Agreed.

Changes in manuscript:
We have rephrased this sentence.

13. l. 195: I don’t quite understand this: Fig. 5 g, h, and i show that the
NADW contribution to FovS is consistently small in both the reanalysis
and the models.

Author’s reply:
Note that the depth axis is cropped below 1,000 m depths. The fresh-
water transport with depth is indeed much smaller in the NADW than
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the ASW. However, the vertical extent of the NADW is about 6 times
larger than the ASW and hence the NADW contribution to FovS is not
small. The contributions for each water mass are shown in Figure 2.

Changes in manuscript:
We mention now in the caption of Figure 5 (and other figures) that the
vertical axis is cropped.

14. l. 230: more → further

Author’s reply:
Agreed.

Changes in manuscript:
Corrected.

15. l. 274: freshwater → fresh

Author’s reply:
Agreed.

Changes in manuscript:
Corrected.

16. l. 280: Is it relevant that MCM-UA-1-0 seems to have the lowest reso-
lution of all models?

Author’s reply:
That’s indeed a good point and it is interesting that it has the lowest
resolution among all CMIP6 models. It is beyond the scope of this
paper to individually analyse the CMIP6 models.

Changes in manuscript:
In the revised manuscript (lines 287 – 288) we mention the low resolu-
tion of the MCM-UA-1-0.

17. l. 324: needs → need

Author’s reply:
Agreed.

Changes in manuscript:
Corrected.
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18. l. 335: Do you mean Weijer et al. (2020) here?

Author’s reply:
Yes, thank you for noticing this.

Changes in manuscript:
Corrected.

19. Section 3.4: Does this analysis shed light on why the current generation
of climate models cannot have a correct AMOC and FovS at the same
time? This would be incredibly useful to know.

Author’s reply:
Due to the complexity of the effects of the biases on the AMOC and
the freshwater balance of the Atlantic, we can only speculate on this
based on the results presented in this paper.

Changes in manuscript:
In the revised section 3.4, we propose a possible reason why the current
generation of climate models cannot have a correct AMOC and FovS.
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Point-by-point reply to reviewer #2

February 20, 2024

We thank the reviewer again for their careful reading and for the useful
comments on the revised manuscript. Below the comments are in italic and
our response in normal font.

I commend the authors on greatly improving the manuscript and enhanc-
ing the readability. I think this is a very interesting manuscript and deserves
publication. However, I still have a few concerns/suggestions:

1. Abstract – The manuscript mainly focuses on the results from LR-
CESM and HR-CESM and how they relate to the salinity bias at 34S
and only the last section of the results talks about CMIP6. The sec-
ond sentence does not seem correct, the tipping point behaviour is likely
caused by freshwater capping and/or warming of high latitudes as op-
posed to salt-advection feedback, while the idealised studies have shown
that positive salt advection feedback is related to whether the AMOC
collapse is stable or the AMOC will strengthen again quickly. Also,
the abstract makes it seem like the manuscript is exclusively a CMIP6
study. Finally, since the bias at 34S is the main topic of the manuscript
it would be useful to be more specific about the biases, i.e. surface too
fresh and too salty at depth.

Author’s reply:
Thank you for these suggestions to improve the abstract of the paper.

Changes in manuscript:
We have rewritten the abstract following these suggestions.

2. Line 18 – recent study on future projections and ocean heat transport:
Mecking and Drijfhout 2023

Author’s reply:
That’s indeed a relevant study.

Changes in manuscript:
We have added the reference in the revised manuscript.

3. Line 24 – The study Lobelle et al. 2020 has estimated that 29-67 years
are required to properly detect a weakening of the AMOC.
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Author’s reply:
Correct, a longer observational record is needed to settle this debate.

Changes in manuscript:
We have rewritten this sentence.

4. Line 28 – Again here I would say that the transitions are not caused
by salt advection feedback but rather the stability of them are (or a
transition back to an AMOC-on state)

Author’s reply:
The salt-advection feedback is affecting both the stability of the system
and the transition to a collapsed AMOC state.

Changes in manuscript:
We have rewritten the sentence and now mention both the AMOC
stability and the transitions to the collapsed AMOC state.

5. Line 33 – Note that the sign of Fov is not dependent on the reference
salinity, the reference salinity just acts as a scaling, since the section
averaged velocity is subtracted at 34S before Fov is computed.

Author’s reply:
Agreed.

Changes in manuscript:
No changes in the text needed.

6. Line 39–45 – Since the salinity bias is talked about in detail it would
be worth introducing the bias in more detail since this is described in
several papers:

7. Line 40–42 – The salinity bias is often corrected using flux adjustment
as can clearly be seen in Yin and Stouffer 2007, Jackson 2013, and
Liu et al., 2017 while in Mecking et al. 2016 the salinity bias wasn’t
corrected directly but the bias was lower in this model (i.e. Figure 8c
in Mecking et al 2017).

Author’s reply:
Agreed.

Changes in manuscript:
We have included these references in the revision.
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8. Line 45–46 – This sentence is very strongly worded and it has not been
shown that the positive Fov is the reason for the models not having a
tipping AMOC and I see it more as an indicator for the stability of an
AMOC off-state as opposed to the model’s ability to tip.

Author’s reply:
Agreed that this is indeed very strongly worded.

Changes in manuscript:
We have changed the wording.

9. Line 39–45 – A new multi-model study show, Jackson et al. 2022,
shows that there is no clear link between whether the AMOC recovers
and Fov, however, in Figure 9 it hints that the models with negative
Fov at 34S might be more likely to recover. I think this paper deserves
a mention.

Author’s reply:
Our FovS values (Figure 8) are consistent with the presented FovS values
from Jackson et al. (2022) (their Figure 9). In Jackson et al. (2022)
they show that two models with a slightly negative FovS (≈ −0.05 Sv)
have AMOC recovery: EC-Earth3 and MPI-ESM1-2-HR, but that de-
pends very much on the applied forcing. The AMOC in these models
may still be in the multiple equilibrium regime but the forcing may
not cross the basin boundary, needed to find a transition to a collapsed
state. Nevertheless, we agree that it is worth mentioning the study of
Jackson et al. (2022) here.

Changes in manuscript:
We included the results from Jackson et al. (2022) in the revised in-
troduction (lines 51 – 53) and the EC-Earth3 and MPI-ESM1-2-HR in
the revised discussion (lines 352 – 356).

10. Line 58 – Mention that it’s the ocean component that has 60 vertical
levels

Author’s reply:
Agreed.

Changes in manuscript:
We mention the ocean component here.

9



11. Figure 1c,d – In the reanalysis data for Faz there is a very big spike
around 2000 or just before. Given how large this is it should be men-
tioned. Is there a known explanation for it? If it is caused by salinity
can it be seen in other data sets? Also, Figure 5d there is a lot less
zonal gradient in salinity in the ASW than in e and f, but this is likely
related the freshwater from the Indian Ocean.

Author’s reply:
There are salinity variations over the upper 500 m at 34◦S in the re-
analysis data. The western part (with southward surface flow) displays
relatively freshwater anomalies and the eastern part (with northward
surface flow) displays saline anomalies. This induces a temporarily
weaker zonal salinity gradient over the upper 500 m, resulting in a
negative FazS anomaly. The available data is relatively short and it is
therefore not possible to further investigate this relatively large devia-
tion in FazS, but we attribute the FazS spike to inter-annual variability.
The differences in panel d with panels e,f are indeed related to the
ASW, as is mentioned in the text.

Changes in manuscript:
In section 3.2, we added a comment on the reanalysis FazS variability
before 2000 (lines 192 – 193).

12. Figure 7e,f – the inset is very narrow, that it took me a while to notice
them, I would suggest making them wider

Author’s reply:
Agreed.

Changes in manuscript:
The inset is slightly wider in revised Figure 7.

13. Line 267 – this is similar to Mecking et al. 2017

Author’s reply:
There are indeed similarities between CMIP6 and CMIP5 (i.e., Mecking
et al. (2017)). We refer to Mecking et al. (2017) in the discussion
(lines 337 – 338). We didn’t include the reference here as we present
the CMIP6 results.

Changes in manuscript:
No changes.
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14. Figure 8 – The figure label says the CMIP6 dots are black but they are
actually grey and would be helpful to add the two different symbols for
CMIP6 to the legend

Author’s reply:
The individual CMIP6 models are indeed indicated in grey. We didn’t
add the different symbols to the legend to avoid confusion, the markers
are clarified in the revised caption.

Changes in manuscript:
We have rewritten the caption of Figure 8.

15. Line 292–294 – Maybe I missed something, but how was it shown that
the trends are salinity versus velocity driven?

Author’s reply:
The salinity trends over the upper 1,000 m (Figure 7) have a different
sign between the HR-CESM and LR-CESM, resulting that the fresh-
water transport trends are either salinity driven or overturning driven,
respectively. This is extensively discussed in the last paragraph of sec-
tion 3.3.

Changes in manuscript:
No changes.

16. Figure 9 – Panels b,c,d would be easier to see differences if they were
plotted as anomalies w.r.t. the Reanalysis

Author’s reply:
Ok, agreed.

Changes in manuscript:
We now show the biases w.r.t. reanalysis in revised Figure 9.

17. Figure A1 – The insets are very narrow and difficult to see. This figure
would also benefit from plotting as anomalies w.r.t. reanalysis. As
stated in the response to the previous reviews, I disagree that much
information will be lost in the regridding process since this is a 2D field
and not a computation of transport, where more care must be given
to conserve the transport in the regridding process. Also, the different
water masses can be seen with the dashed lines

Author’s reply:
Ok, agreed. We have regridded the reanalysis data and display the
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salinity differences w.r.t. reanalysis. We have removed the insets, the
contribution of the different water masses are already presented in Fig-
ure 8 and Table A1.

Changes in manuscript:
We now show the biases w.r.t. reanalysis in revised Figure A1.

18. Response to Reviewers - Reviewer 2 response 2 – This change has not
been implemented into the manuscript

Author’s reply:
This concerns the study of Menary et al. (2020). We already followed
this suggestion and it was included in the Methods section.

Changes in manuscript:
No changes.

12


