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Response to Reviewer's Comments

The authors appreciate the constructive and helpful comments provided by the
Cc102

reviewers! They helped improve our manuscript. We sharpened the concept of
the paper placing less emphasis on the role of obliquity and the discussion of
DO concepts. Our focus is now to identify the mechanism behind centennial-
to-millennial scale AMOC oscillations observed in the ECBIilt-CLIO model and
to show that low-frequency variability described in previous publications is
based on a model artefact. Below we carefully addressed each of the reviewers’
comments.

Andrey Ganopolski (Referee #1)

The manuscript by Friedrich et al. presents in depth analysis the mechanisms of
millennial scale variability which has been previously "observed® in the ECBIlt-CLIO
model by a number of workers. The authors found that simulated abrupt climate
changes are associated with the flushes of low salinity water from the Hudson Bay
which suppressed deep convection in the Labrador Sea. Since Hudson Bay was
covered by thick ice sheet during glacial times, the authors concluded that this specific
mechanism is unlikely to be the right one for explaining Dansgaard-Oeschger (DO)
events observed during glacial times. | believe, this is an interesting and useful paper
and | am only a bit surprised that the manuscript was submitted to GMD rather than to
CP, for example.

The authors are grateful for the good evaluation. In the revised version, the
manuscript has a stronger focus on the mechanism that triggers low-frequency
AMOC oscillations in the ECBilt-CLIO model. It is not the authors’ intention to
link the characteristics of this variability to the background climate, but to inform
the (paleo-)modelling community about the artefact that seems to be responsible
for having generated centennial-to-millennial scale AMOC oscillations in previ-
ous publications.
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General comments

1. The authors proposed the following chain of events during the transition from
the warm to the cold climate states: random reduction of the inflow of the Atlantic
water into GIN seas — surface cooling in GIN seas — changes in the atmospheric
circulation over the northern N Atlantic — enhanced inflow of Hudson low salinity
water into the Labrador sea — suppression of the deep convection in Labrador sea
— reduction of the AMOC. While such chain of events makes perfect sense to me, |
am not fully convinced that the change in the atmospheric circulation (wind stress over
the Hudson Strait) is the primary cause of the lowering of Labrador Sea salinity and
shoaling of convection. The authors argue their case by using Fig. 3b (unfortunately,
this figure is of very low quality). However, this figure shows also a strong cooling over
the Labrador Sea which implies that convection was already considerably weakened
there at the given time interval (denoted as the interval “c”). This makes it hard to
determine what is the cause and what is the consequence. It would be more logical
to show changes in the atmospheric circulation for the interval "b“ prior to convection
change in Labrador Sea. In this case, | guess, the atmospheric circulation changes
will be more alike Figure 7b. However, in the later case, changes in the wind over the
Hudson strait seem to be opposite to that shown in the Fig. 3b. In short, | do not doubt
the role of enhanced flow of low salinity water through the Hudson Strait into Labrador
Sea as the cause for suppression of convection there but | am not sure what triggers
this enhanced flow.

We improved the quality of Figure 3. All details are now visible.
In agreement with the reviewer’s comment we now show the changes in the at-
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mospheric circulation of the Hudson Bay prior to the weakening of the AMOC.
Figure 3c indicates that the atmospheric anomaly pattern generated by the
reduction in GIN Sea overturning triggers south-westerly surface wind stress
anomalies over the Hudson Strait before a weakening of the AMOC is visible in
Figure 3a (panel c). Figure 4 shows how surface wind stress, sea surface height
and snow fall act in concert to trigger a substantial AMOC weakening.

2. If abrupt climate changes simulated in the ECBIlt-CLIO model are indeed caused
by variations of freshwater flux through the Hudson Bay, then they hardly can be
considered as the direct analogy for the glacial DO events. Sitill, | would not rule out
the possibility that a number of mechanisms involved in the simulated abrupt climate
changes can be relevant for the understanding of the real DO events, such as strong
climate impact of a relatively modest reorganization of the AMOC, changes in the deep
water formation areas, the role of the sea ice and the role of subsurface warming in the
abrupt resumption of the AMOC. Note, that the late issue has been already discussed
in detail in Mignot et al. (2007).

The authors fully agree with the reviewer’s opinion about the fact that our find-
ings can be relevant for the understanding of real DO events. Our results clearly
show the role of sea ice in amplifying random variability in the GIN Sea overturn-
ing. Furthermore, our study highlights the relevance of deep decoupling and
sub-surface warming in the AMOC recovery process.

3. | would like to comment on the interpretations of my own works given in the
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manuscript. Firstly, the authors cited the wrong paper (Ganopolski et al., 1998).
This paper presents simulations of the LGM climate but not the stability analysis
or simulation of DO events. The right citation would be another Nature paper -
Ganopolski and Rahmstorf (2001). Secondly, | would respectfully disagree with the
authors’ interpretation of our concept of the DO events. The CLIMBER-2 model
does posses hysteresis behavior under present day climate but, as it was shown in
Ganopolski and Rahmstorf (2001), the hysteresis essentially disappears under glacial
climate conditions and we explained DO events as the transitions between two strong
modes of the AMOC which differ between each other primarily by the location of
the deep water formation areas. We do not considered DO events as the transitions
between "on* and "off* modes of the AMOC which many workers still use to explain
and simulate (e.g. Liu et al., 2007) abrupt climate changes. Therefore the modes of the
AMOC operation which we invoked to explain DO events are "fundamentally different
from the multiple equilibria“ of the Stommels’ model. On the other hand, our concept
is not fundamentally different from the Winton’s “deep decoupled oscillations” since it
invokes both advective and convective instability. The later, as in the Winton’s case,
occurs through the development of subsurface warming. The only difference is that
in some models (usually hemispheric) these oscillations occur within some (usually
very narrow) parameter space in the noise-free case whilst in the CLIMBER-2 model,
with the standard set of parameters, the noise-free oscillations do not occur. However,
adding a weak forcing or a random noise leads to the development of millennial scale
variability, as was shown in Ganopolski and Rahmstorf (2001, 2002). Since ECBIlt
is a "noisy“ model and this noise cannot be easily switched off, it is not possible to
conclude whether the simulated variability represents deep decoupled oscillations (in
the original sense of this term, i.e. self-sustained oscillations in the noise-free system)
or they are noise-induced oscillations (e.g. coherence resonance).

We are sorry for referring to the wrong paper. In the revised version of the
manuscript the authors refrain from discussing DO concepts in detail. Our focus
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is to elucidate the mechanism behind low-frequency AMOC variability observed
in the ECBIlt-CLIO model. Since this mechanism turns out to be a model artefact,
our findings are not appropriate to disprove or verify any of the concepts.

Specific comments

Page 275, first para. | agree that “the jury is still out” in respect of the existence of the
AMOC hysteresis. But | do not understand how Liu et al. (2007) paper is related to the
mechanism of DO events, in particular, that proposed in Ganopolski and Rahmstorf
(2001). | guess, the authors are also aware that the “abrupt warming” simulated by Liu
et al. (2007) is in fact almost hundred (!) times slower than that occurred in reality at
the onset of the Bolling event. In this respect, the jury is definitely in.

The paragraph was removed.

Page 276, first para. | do not understand the meaning of the sentence “in the pres-
ence of external periodic forcing SR and CR behave very differently”. SR occurs only
in the case of periodic forcing and CR in the absence of periodic forcing. If the au-
thors are talking here about the difference between bi-stable system and the system
with one stable and one excitable state, then both systems still can behave similarly
under applied periodic forcing. Namely, the stochastically excited oscillations can be
synchronized wit the external forcing in both cases.
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The paragraph was removed.

Page 276, second para. “Orbital forcing is a likely candidate..” | would assume than
the ice sheets and CO2 are even more likely candidates in the view of their much
stronger impact on climate than the orbital forcing alone.

The paragraph was removed.

Page 278, second para. | see no sense in such lengthy description of the LOCH model
since the reader can find it in the “neighboring” GMDD paper.

The model description was shortened according to the reviewer’s suggestion.

Page 281, line 19. What is “surface boundary layer high pressure anomaly”?

The atmospheric response to surface cooling observed in our study is similar
to simulations by Deser et al. [2004, J. Clim.]. The term “surface boundary layer
high pressure anomaly” refers to terminology used in this paper and simply de-
scribes the development of an atmospheric high pressure anomaly at the ocean-
atmosphere interface in response to negative SST anomalies.
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Page 281, last line. “wind stress near Hudson Strait changes its direction”. Firstly, |
would suggest to specify the Hudson Bay area for which the wind is shown in Fig. 4.
Secondly, Fig. 4a shows that the wind direction over the Hudson Bay remains negative
(southward) even during cold events and therefore Ekman transport cannot explain
the “flush of freshwater from the Hudson Bay”.

We added the exact averaging intervals to the caption of Figure 4. Panel (a)
of Figure 4 shows that whenever meridional wind stress is reduced over the
Hudson Strait sea surface height decreases rapidly in the Hudson Bay. Even
though the direction of the meridional wind stress is still north-to-south in the
weak state, the authors believe that the climatological SSH gradient between the
Hudson Bay and the Labrador Sea cannot be sustained by the reduced wind
stress which leads to the described flush.

Page 284, line 6. What is “prevailing obliquity”?

The paragraph was removed.
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