Detailed response to the reviewer of the manuscript
“Mechanismfor potential strengthening of Atlantic overturning prior to collapse”
by D.Ehlert and A. Levermann

The responses are followed by the reviewed manuscript in which all changes are highlighted in
bold font.

Referee #1 (A Cimatoribus)

The article presents results from a simple analytical model of the AMOC, building on the
classical Gnanadesikan pycnocline model, and discussing in particular a mechanism for the
strengthening of the overturning rate before a collapse of the AMOC. Overall, | think that the
paper is clear, concise and presents interesting results. How- ever, before publication, | think that
afew points should be considered in more detail. My main comments are in fact linked to our
recent papers "Meridional overturning circulation: stability and ocean feedbacks in a box model"
on Climate Dynamics (2014) and "Reconciling the north-south density difference scaling for the
Meridional Overturning Circulation strength with geostrophy", under review in Ocean Science
Discussions. It should be clear, however, that this does not imply that the authors should follow
our approach.

Response: Wewould like to thank the reviewer for taking the time to review our paper and this
very positive assessment. His comments have significantly improved our manuscript and we are
confident that we were able to address all issues.

» Theauthorsfollow Marotzke (1997) considering the pole-tropics density differ- ence as
the one controlling the overturning rate. In the papers mentioned above, we
suggest that the definition of the density difference may be essential for re-
producing some results of numerical models. How essential isthe definition of
for obtaining the results shown in the present paper?

Response: Thisisavery important issue. The main point of the paper was to
introduce an additional density difference which controls the Southern Ocean
eddy transport. Thisis motivated by the “double-crossing” of the Atlantic by the
AMOC (once in the South and once in the North). Since this open-ocean
circulation in the upper layer hasto be balanced geostrophically it needsto
correspond to a density difference. These density steps can be seenin
observations and models aike. While there is some freedom in where exactly to
locate the density difference in the real ocean, it isimportant for our model to
apply ameridional density difference both in the northern and southern Atlantic.

* Fromlines 7-10 on pag. 38 | understand that mN can have negative values, aresult which
is not discussed in much detail. This amounts to an enhanced upwelling in the
high latitudes of the north Atlantic. Isthis the case and, if so, how can this be
physically justified?

Response: Wedo not consider negative values of mN initself, which would be an
interesting addition, but would require the discussion of an entirely different
circulation state which would in our opinion be out of the scope of this study.
What we rather discussis the possibility of the discriminant to become negative
which defines our critical values and is discussed in the text.

* pag. 38, line 18: pycnocline depth increases with increasing freshwater forcing in fig. 4a.
Furthermore, do the negative values of FN in the figure mean that freshwater is
transported from the high to the low latitudes? Surface fluxes tend to transport
freshwater from the low to the high latitudes in the real world, so how should be
FN interpreted?

Response: Positive F_N refersto freshwater flux by atmospheric dynamics from
low to high latitudes. It dilutes salinity in the northern box and increases salinity
in the low latitudes. Thus negative FN would mean decreased salinity in lower



latitudes and increased salinity in higher latitudes. This behavior might not be
applicable with surface transports. Thank you for the comment. We have added an
explanation to this end. However, the threshold behavior and the increasein
overturning prior to the threshold occurs for positive freshwater fluxes, thus a
freshwater flux from lower to higher latitudes. In any case the main result of the
paper is not affected by this the behaviour in the case of negative freshwater flux.

* pag. 41, Freshwater-induced MOC strengthening: a strengthening of the AMOC under
increasing freshwater forcing is shown in Fig. 5 of Cimatoribus et al. 2014, but
the definition of the forcing freshwater is different therein. Isthere alink between
these two results, in particular concerning the mechanism causing it?

Response: Weare very sorry that we have not mentioned your work. Thiswas
merely due to the fact that we had submitted the paper afew years ago and in the
mean time working contracts and places had changed. We ssmply missed your
paper and are sorry about that. Now we have added a note on the fact that this has
been seen previously. Thanks for pointing usin this direction.

e pag. 43, lines 1-4. Could this mechanism be interpreted as a change in the baroclinic
modal structure (i.e. in the depth of the first baroclinic mode)? In the real ocean,
gradients tend to decrease with depth; could this change the results?

Response: As shown in an earlier study (Flrst & Levermann, Clim. Dyn.) we find
that the vertical density structure as represented by the pycnocline is rather stiff in
comparison to the meridional density differences. Compared to the Stommel
model the Gnanadesikan models with meridional density differences tend to show
amore stable meridional circulation. Changesin the circulation when they occur
are then however associated with meridional density differences. Wethus believe
that thiswill not be easily measured in the vertical but rather in the meridional
density differences of the real ocean (or even in the sea-level pattern.)

Minor comments:

e pag. 33, lines 15-17: "The four meridional tracer transport processes...” could this
sentence be rephrased more clearly?
Response: Rephrased sentence which hopefully clarifies its content that the tracer
transport processes control on the one hand the horizontal and vertical density
structure and they control the strength of the overturning on the other hand.

e pag. 35, lines 16-...: Since the use of this parameterisation for the eddy flow is one of the
main new elementsin the model, | would suggest that a more detailed motivation
for the parametrisation is given, even if it has already been discussed in
Levermann and Fu rst 2010.

Response: Thank you for the suggestion. A more detailed description of the
experiments and results in regard to the eddy return flow in Levermann and Fu rst
2010 has been included here. However, in our opinion going into further detail
would unnecessarily expand the article, as the interested reader can find the an
extended and very detailed description in the Levermann and Furst 2010 article.

* pag. 36, eg. 6a it seemsto me that the equation shouldread ...  SU(mN + mE)... instead
of ... SU(mN +mW).... Evenif at the steady state they are equal, | think that the
equation would be more easily understandable this way.

Response: Thank you for the detailed reading, the typo has been corrected.

* pag. 37, lines 8-11: asfar as| understand all the results presented refer to steady states of
the system. | think that the last sentence of this paragraph could be misunderstood
as saying that time-dependent states are considered.

Response: We agree with the suggestion. The sentence has been rephrased and
includes now that we only refer to steady states.

e pag. 37, line 21: "provide" instead of "provided"



Response: Thank you for the detailed reading, the typo has been corrected

* pag. 41 line 7: Can thisresult be obtained more rigorously by taking thelimit mg  0?
Response: In this part of the paper the goal wasto find avalue of F_N krit that is
variable independent. Using m_E lead to including the pycnocline depth D into
the formula, therefore we used the southern meridional density difference instead.
However, if thereis amore straight forward way to derive F_N,krit in the wind
driven case we would be happy to include in into the manuscript.

e pag. 41, lines 21-22: please rewrite the sentence.
Response: The goal of this sentence was to summarize the main finding, that the
overturning creases prior to reaching athreshold under freshwater forcing. We
rephrased that sentence, so that the content should be clearer now.

e pag. 42, line21: “strong” should read “strongly”
Response: Thank you for the detailed reading, we corrected the mistake.

e pag. 42, line 25: missing “depth” at the end of the line.
Response: Thank you for the detailed reading, we corrected the mistake.

e pag. 44, line 23: the two papers cited mostly deal with numerical models. Comparisons
with observations are found, to my knowledge, in the works of Talley and Bryden.

Response: Weincluded citation from Bryden 2011 (Journal of Marine Research)
into the manuscript here. Thank you for the very helpful comment.

* Fig. 2: 1 could not find where Figure 2 is discussed in the text.
Response: Thank you for pointing this out. Weincluded the missing reference in
thefirst part of section 3. There, possible solution of the pycnocline are discussed.

Referee #2

Based on the conceptual model by Fuerst and Levermann (2012), the authors develop a model
with an additional degree of freedom by the inclusion of a parameterisation of SO eddies. This
allows a new type of behaviour, where the steady state AMOC can increase with increasing FW
flux into the North Atlantic, all the way to the bifurcation point. The main effect found is that
fresh water-induced MOC strengthening in response to a fresh water flux from low latitudes to
high northern latitudes could take place in the wind-driven case. By continuity, due to aresulting
reduction in eddy return flow m_e arising from a denser low latitude box and subsequent
reduction in density difference between the SO and the low latitude box, northern sinking must
compensate in the conceptual model. (Unlike Gnanadesikan 1999, the authors parameterize m_e
in terms of this density differencein Eq. 4.)

Response: Wewould like to thank the reviewer for taking the time to review this manuscript and
the positive review. The insightful comments have improved the quality of this paper, especially
in regard to bringing a more applied background to this theoretical approach. We are positive
about being able to address all of the stated comments.

Main comments:
The following main comments are mostly limited to the wind-driven case.

I recommend that the authors look for this MOC enhancement effect in anumerical ocean or
climate model asthisisnot very difficult to do (I realize that the paper points to future work to
be done in this regard). The conceptual parameterization is based on GM, and many models use
this parameterization: the effect should show up if it exists by programming the FW flux in the
way envisioned in this study (I imagine using low vertical diffusivity). Based on many
assumptions and parameter choices, the assertions made in the paper seem to be a stretch and in
need of additional ways of illustration and validation.




Response: We agree with the reviewer and performed simulations with freshwater forcing using
the University of Victoria Earth System Climate Model, version 2.9 (Uvic ESCM 2.9). A brief
description of Uvic ESCM, the simulations and their results have been added to the manuscript
(see section 5).

There are (too?) many parameters in the conceptual model. How physical are the parameters
chosen for the eddy return flow term? How sensitive is the solution to these values? Towards the
end of the paper, the authors appear to state the purpose of the paper as showing only that this
type of effect (strengthening MOC with FW flux in wind-driven case) is possible in reality and/
or aclimate model, rather than showing that it actually exists. This might be an appropriate scope
for the material covered so far in this paper, but that then also severely limits the weight carried
by this study. More could be said about the likelihood of the main result to be real by conducting
a parameter sensitivity study.

Response: We understand the reviewer's desire to bring our results closer to the real ocean. We
have tried to motivate the choice of the parameters as good as we can in the paper. More
importantly, we have provided an explicit condition on the parameters for which the main feature
of the manuscript holds. Since the model presented here is however only conceptual in nature,
we feel that we cannot push it any further than this. That is especialy true because (like in the
Stommel model) the meridional density differences require the definition of boxes in the ocean
which are not very well constraint. Wewould be really grateful if the reviewer would alow us
the mere qualitative statements that we are making in the text which we hope can make some
contribution due to the analytic conditions that we provide.

A continuity argument is invoked to explain the MOC increase (p41, 125). Although strictly true
(from eg. 5 and steady state), it would be helpful to state that in addition to satisfying continuity,
M_N D"2 deltarho here (referring to Eq. 1) and that this must also be satified. As aresult,
the system must adjust in avery specific way to allow a steady solution. So only solutions where
D increases (in the right way) with the FW flux are consistent with continuity and have a chance
of being allowed. The paper could benefit from more physical explanations of the mathematicsin
general.

Response: We agree with the reviewer and have added to the manuscript that the qualitative
result does depend on the assumption that M_N increases with D2 and Deltarho and that thereby
only solutions where D increases with the freshwater flux are alowed. We have further added the
physical interpretation that the meridional density differences are the main driver of the changes
bothin M_N and M_E while the vertical density changes (as represented by changesin the
pycnocline depth D) play an important role in stabilizing the circulation (as mentioned for the
model without Southern Ocean density difference in Furst & Levermann, Clim. Dyn.).

The validity of the main result appears to depend on how valid the GM parameterisation isfor
the real ocean. There are of course more complex parameterisations, and there are also results
from eddy resolving and permitting models. The paper should contain some discussion of how
the results might depend on GM specifically, using existing literature.

Response: The original parameterization of Gent and McWilliamsis very well motivated the
baroclinic instability and provides a very clear and qualitative large-scale representation of the
eddy flux across a sloping density front. The wealth of adjustments that have been suggested to
this formula might be very valid in specific situation and it is not our desire to dismiss any of this
work. However, there must be about 1000 studies published on different variations of the GM
parameterizations. For the current paper it is the representation of the slope by both a horizontal
(meridional) and vertical measure for the density structure, we find that a serious discussion of
the various variations of the GM-parameterization would require alot of additionsto the
manuscript and any reduced discussion would be unfair to those left out. Wewould again be
grateful if we could omit this or would be grateful if the reviewer would suggest specific issues
that he or she considers particularly important. We are happy to include them. It isjust that we
feel that a comprehensive coverage of the matter would expand the paper alot.



The definition and significance of terms like “ bistability” and “threshold” is not very clear in the
paper. Bistability should refer to a situation where two steady states exist under the same forcing,
whereas by “threshold” | think the authors mean a FW flux above which no northern sinking
occurs. This should be spelled out more in the paper, and something should also be said about the
circulation when northern sinking is absent. Any negative strength overturning states should also
be interpreted.

Response: Thisis an important shortcoming of our description and we would like to thank the
reviewer for pointing this out. There have been a number of studies and speculations about the
circulation in the absence of northern sinking. Some models show an inverse circulation, which
Is sometimes associated with the Antarctic Bottom Water filling up the Atlantic (Rahmstorf et al.
GRL, 2005) and some show a seemingly stagnant ocean (Stouffer et al. J Clim. 2005). Neither of
these patterns would be properly captured by the physics that isincorporated in the conceptual
model that we present. It is thus true that we cannot really describe a bistable situation but rather
athreshold behaviour that describes that beyond a certain freshwater flux the circulation in the
Atlantic cannot be captured by the conceptual model and is thereby not a classic overturning
circulation as presently observed. We have now added a brief explanation to this end stating that
the conceptual model does not capture the * off-state” . Furthermore we have exchanged the term
bistability with threshold behaviour and cleaned the text in this respect.

The results depend on a very specific spatial pattern of moisture transport changes, namely an
increase of FW transport from the low to the high northern latitude box. How do the authors
expect the overturning to change under more general moisture flux changes? For instance, a
freshening of the SO could negate this effect?

Response: The application of freshwater to the North Atlantic and infact a number of different
places in the global ocean has been under intense investigation since the groundbreaking papers
by Manabe and Stouffer starting in 1988. The behaviour of our conceptual model is rather
straight forward when it comes to the “normal” addition of freshwater into the north Atlantic
which is then compensated in the Southern Ocean. The really new issue in our model is the fact
that the overturning can get stronger prior to collapse if the net-freshwater transport occurs
between the high and low latitudes in the Atlantic. While we would be reluctant to discuss these
“normal” freshwater forcingsin the paper because we believe it would dilute the content of the
study, we have studied the low-to-high-latitude case in detail: We have carried out experiments
with freshwater forcing from the lower latitudes into the southern ocean and freshwater forcing
from lower latitudes towards both higher southern and northern latitudes. All experiments lead to
the same behavior in the overturning: there is an increased overturning prior to m_E becoming
negative. In all cases, this can be explained with adecline in the meridional southern density
difference, which in turn leads to a declinein m_E and due to continuity, m_N, the measure of
the overturning strength, increases. We included a note about these results in the manuscript.
However, including other freshwater fluxes into the model would make it necessary to

recal cul ate the governing equations, i.e. adifferent version of this box-model. Wefeel this would
expand the paper alot and we would therefore prefer not to include this in the manuscript.

| don’'t understand (immediately) why the threshold is reached when the eddy return flow
becomes negative (Fig. 5), or whether thisis physical. What does this change in sign mean? Why
is the threshold reached there? Isthis physical or an artifact? This should be explained clearly.

Response: We agree with the reviewer that this point might not have been clearly enough
explained in the manuscript. Thisis also a matter of the validity of our model assumptions. The
eddy return flow becomes negative because the southern meridional density difference becomes
negative. Our parametrization for the eddy is only valid for a positive eddy return flow. That
means our model describing the current state of the overturning circulation is not valid anymore
which isinterpreted as a point if instability of the circulation pattern the model describes.
Physically this means that there is no outcropping of iso-pycnalsin the Southern Ocean anymore
in this case and thus the eddy return flow does not follow the physics that is described by the
baroclinic instability and thereby the Gent-and-McWilliams equation. This also establishes a
qualitatively different circulation pattern. Weincluded a more detailed description in the



manuscript.

The work isonly valid for steady states. This makes the conclusions less relevant to any global
warming scenarios (they generally are not in steady state), even though the paper aludes to
“monitoring activities” in the abstract. This should be stated.

Response: We agree with the reviewer that thisis a very important point and included it in the
conclusion section.

M or e specific comments:

The density difference between low and high northern latitudes sets the overturning strength.
However, studies have shown the importance of the density difference be- tween the Southern
Ocean and the North Atlantic (Saenko and weaver, GRL 2003). How important isthis choicein
the context of this paper?

Response: While the introduction of the meridional density difference between low latitudes and
the southern ocean in the parametrization of the eddy return flow is the main point of the paper
and was motivated with the AMOC crossing the Atlantic in the south and in the north, the overall
strength of the overturning as driven by the northern and low latitude box is not central. Picking
the Southern box would make the analysis considerably more complicated. The main motivation
for this choiseisasfollows: The circulation of the surface waters need to be in geostrophic

bal ance, thus these circulations have to follow a density difference. These strong changesin
density have been observed in the real ocean and numerical models and it isakey point in our
model to include both a northern and southern meridional density difference in our model.
However, the exact location of this density change can vary for the real ocean.

p32. 11. “”it was shown that this kind of model. . .” This sentence is not clear, it would be good to
first explain that Gnadesikan 1999 does not appear to be concerned with the role of the density
difference, that it istreated as a constant there.

Response: We agree with the reviewer. Thank you for the detailed reading. We rephrased this
sentence accordingly.

p32. 121.” The threshold behaviour found here is consistent with the salt-advection feed- back
In. ..”. These sentences are not clear. What is meant by “net salinity transport by the
overturning”? Does it mean the overturning exports fresh water from the Atlantic basin?

Response: This sentence refers to the salt advection feedback and the transport of salt rich water
by the AMOC into the northern Atlantic. We rephrased this sentence in the manuscript in order
make this point more clear.

p32. 124. Reference to Huisman 2010. This paper only deals with a Rahmstorf type box model
and afully implicit global ocean model, not “anumber of climate models’ as stated in the text
here. Also, unlike what isimplied in the paper here, dynamics are not examined for observations
in Huisman 2010.

Response: Weincluded citations from Weaver 2012 (GeophysicalResearch Letters) and Bryden
2011 (Journal of Marine Research) into the manuscript here.
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Abstract. The Atlantic meridional overturning circulation (AMOC) carries large amounts of heat
into the North Atlantic influencing climate regionally as well as globally. Paleorecords and simu-
lations with comprehensive climate models suggest that the positive salt-advection feedback may
yield a threshold behaviour of the system. That is to say that beyond a certain amount of freshwa-
ter flux into the North Atlantic, no meridional overturning circulation can be sustained. Concepts
of monitoring the AMOC and identifying its vicinity to the threshold rely on the fact that the vol-
ume flux defining the AMOC will be reduced when approaching the threshold. Here we advance
conceptual models that have been used in a paradigmatic way to understand the AMOC, by intro-
ducing a density-dependent parameterization for the Southern Ocean eddies. This additional degree
of freedom uncovers a mechanism by which the AMOC can increase with additional freshwater
flux into the North Atlantic, before it reaches the threshold and collapses: an AMOC that is mainly
wind-driven will have a constant upwelling as long as the Southern Ocean winds do not change sig-
nificantly. The downward transport of tracers occurs either in the northern sinking regions or through
Southern Ocean eddies. If freshwater is transported, either atmospherically or via horizontal gyres,
from the low- to high-latitudes, this would reduce the eddy transport and by continuity increase the
northern sinking which defines the AMOC until a threshold is reached at which the AMOC cannot
be sustained. If dominant in the real ocean this mechanism would have significant consequences for

monitoring the AMOC.

1 Introduction

The Atlantic meridional overturning circulation (AMOC) is being considered as one of the tipping

elements of the climate system (Lenton et al.| 2008]). While the definition by [Lenton et al.| (2008)) is
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based on the idea that tipping elements respond strongly to a small perturbation, the AMOC might
also be a tipping element in the dynamic sense of the word (Levermann et al., [2012). That is to
say that a small external perturbation induces a self-amplification feedback by which the circulation
enters a qualitatively different state. This self-amplification is due to the salt-advection feedback
(Stommel, {1961} Rahmstorf] [1996) and has been found in a number of comprehensive ocean as
well as coupled climate models (Manabe and Stouffer, 1993} Rahmstorf et al., [2005} Stouffer et al.|
2006b; [Hawkins et al., 2011). A cessation of the AMOC would have far-reaching implications for
global climate (Vellinga and Wood, 2002) which include (1) a strong reduction of northern hemi-
spheric air and ocean temperatures (Manabe and Stouffer, 1988 Mignot et al.,[2007)), (2) a reduction
in European precipitation and (3) its wind pattern (Laurian et al., [2009), (4) a dynamic sea level
increase in the North Atlantic (Levermann et al.| 2005} Yin et al., [2009)), (5) a perturbation of the
Atlantic ecosystem (Schmittner, 2005} |[Kuhlbrodt et al., [2009), (6) a southward shift in the tropical
rain belt and associated impacts on vegetation (Stoufter et al., |2006a) and (7) a perturbation of the
Asian monsoon system (Goswami et al.|[2006).

Conceptual models to capture the basic aspect of a meridional overturning circulation can be
divided into models in which the overturning strength is determined by the meridional density dif-
ference in the Atlantic (Stommell |1961; Rahmstorf] [1996)) and those in which its strength is linked
to the vertical density structure (Gnanadesikan, [1999). Stommel’s model captures the salt-advection
feedback in a pure form by resolving only the advection of the active tracers in two fixed-size boxes
representing the northern downwelling and southern upwelling regions. The overturning strength
is assumed to be proportional to the meridional density difference which was found to be valid in
a number of ocean and climate models (e.g.|Griesel and Morales-Maqueda, [2006; Rahmstorf, [1996j
Schewe and Levermann, [2010). The Stommel-model is however missing a representation of the
energy-providing processes for the overturning, such as the Drake-Passage effect and low-latitudinal
mixing (Kuhlbrodt et al.l 2007)) as well as the influence of the Southern Ocean eddy circulation.

These processes are captured in a conceptual way by the model of |Gnanadesikan| (1999) which
links the overturning to the vertical density profile as represented by the pycnocline depth but treats
meridional density differences as a constant. It was shown that this kind of model is not con-
sistent with the fact that the meridional density gradient indeed changes with changing overturning
in a number of different climatic conditions (Levermann and Griesel, 2004} |Griesel and Morales-
Maquedal, 2006). By construction it does not capture the salt-advection feedback and can thereby
not be used to study the possibility of a threshold behaviour of the overturning.

There have been a number of attempts to combine these two approaches and thereby to comprise
the horizontal tracer-advection with the vertical one (Marzeion and Drangel 2006; Johnson et al.|
2007; [Fiirst and Levermann, 2011).

Here we advance the simplest of the suggested models (Fiirst and Levermann, [2011) by introduc-

ing an additional parametrisation for the Southern Ocean eddy flux. As found in a comprehensive
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coarse resolution ocean model (Levermann and Fiirst, |2010) the horizontal scale of the Southern
upwelling region can change and neglecting this change leads to a misrepresentation of the circula-
tion within the |Gnanadesikan| (1999) framework. We attempt to complement the conceptual model
in order to correct for this shortcoming. To this end we add a variable, meridional density difference
in the southern Atlantic ocean in the scaling of the eddy-induced return flow. As will be shown, this
allows for a qualitatively different response of the AMOC under freshwater forcing compared to
earlier studies: a growth of the northern deep water formation with increasing freshwater flux from
low- to high northern latitudes within the Atlantic before the threshold is reached and no AMOC
in the modelled sense can be sustained. The threshold behaviour found here is consistent with the
salt-advection feedback in the sense of a net-salinity transport from lower latitudes into the north-
ern Atlantic by the overturning as suggested by Rahmstorf| (1996)). This threshold behaviour has
been shown in box models and complex climate models (Huisman et al., 2010; |Weaver et al.,
2012) but also in observations (Bryden et al.,[2011).

This paper is structured as followed: firstly we describe the parametrisation of the transport pro-
cesses, pycnocline dynamics and salinity dynamics, i.e. horizontal density distribution (Sect. [2).
The transport processes include the two fundamental driving mechanism (Kuhlbrodt et al., 2007)
which are low-latitudinal upwelling (Munk! |1966; Munk and Wunsch, |1998; Huang|, |1999; |Wunsch
and Ferrari, 2004) and wind-driven upwelling in southern latitudes (Toggweiler and Samuels|, [1995]
1998)). In order to examine the behaviour of the model we derived governing equations for the two
driving mechanisms separately as well as for the full case. The threshold behaviour, as described
by Stommel| (1961)) is caused by the salinity advection. For simplicity we keep the temperatures
fixed through-out the paper (Sect. 3). Section [4] discusses the change in the AMOC with increas-
ing freshwater flux into the North Atlantic for the wind-driven case and the full case. Also section
[ discusses the behavior of the AMOC under freshwater forcing, but for simulations using a

complex climate model. We conclude in Sect. [6]

2 Model description

We use a standard inter hemispheric model with four varying boxes (Fig. [I): (1) a northern box
representing the northern North Atlantic with deep water formation, (2) an upper low-latitudinal
box and (3) a deeper low-latitudinal box below the pycnocline, (4) a southern box with southern
upwelling and eddy return flow (Gnanadesikan, |1999). The northern and southern boxes are fixed
in volume while the low-latitudinal boxes vary in size according to the dynamically computed py-
cnocline depth. The four meridional tracer transport processes between the boxes control the
horizontal and vertical density structure on the one hand and they control the overturning on
the other hand. The density structure, in turn, determines the transport processes. Changes in the

vertical density structure are described by variations in the pycnocline depth. The horizontal density



95

100

105

110

115

120

125

structure is expressed by a southern and a northern meridional density difference. They depend on
the dynamics of the active tracers, temperature, 7', and salinity, .S. For simplicity we assume a linear
density function Ap = po(BsAS —arAT) (Stommel,|1961). In order to capture the main feedback
for a threshold behaviour while keeping the model legible, we include salinity advection and ne-
glect changes in temperature. The simplification further is justified because the temperature in the
upper layers is strongly coupled to atmospheric temperature which is to first order determined by
the solar insulation. We thus assume, the ocean temperature in the upper layers to be constant. The
high-latitudinal boxes represent strong out-cropping regions which homogenizes the water column
and extends the argument to depth. In steady state, the fourth box, deeper low-latitudes ocean, is
determined by the three other boxes. That means the approximation is valid for the whole model in
equilibrium and temperature is used as an external parameter. The base of our work is the model
by |Fiirst and Levermann| (2011). We use the same parametrisations for the northern deep water for-
mation and the upwelling processes. For the eddy return flow we introduce a different scaling by
implementing southern meridional density difference which has strong influences on the behaviour
of the model (Sects. [3]and [).

2.1 Tracer transport processes

Different scaling for the deep water formation (as summarized in |Fiirst and Levermann, [2011) have
been suggested. Here we use a parametrisation suggested by [Marotzke| (1997) and apply a 8-plane-
approximation to it. The resulting northern sinking scales linearly with the meridional density dif-
ference and quadratically with the pycnocline depth following geostrophic balance and vertical in-

tegration.

—LD?=CnApD?. 6))

Because all values are external parameters (Table[I)) except the meridional density difference Ap =
pN — py and the pycnocline depth D, the parameters are comprised into one constant C' . In contrast
to previous approaches (e.g.|[Rahmstorf, |[1996)) the meridional density difference does not span the
whole Atlantic but instead is taken between low and high northern latitudes in accordance with the
geostrophic balance between the meridional density difference and the North Atlantic Current.

The low-latitudinal upwelling follows a vertical advection-diffusion balance (Munk and Wunsch|
1998)). That is to say, downward turbulent heat flux is balanced by upward advection. This balance
with a constant diffusion coefficient for the full upwelling region yields an inverse proportionality
between upward volume transport and pycnocline depth. Again all external parameters are expressed

by one constant Cy; to obtain

k  C
mU:BLUﬁsz. )
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The southern upwelling term is considered to be independent of the pycnocline depth and results

from the so-called Drake-Passage effect (Toggweiler and Samuels, |{1995):

TDr

|fDr|p0 B

The eddy return flow is parametrised following|Gent and McWilliams|(1990) which yields a tracer
transport proportional to the slope of the outcropping isopycnals. In the formulation of(Gnanadesikan|
(1999) this is represented by a linear dependence on the pycnocline depth divided by a horizontal
scale for the outcropping region which is taken to be constant. The assumption of a constant hor-
izontal scale for the outcropping region is not consistent with freshwater hosing experiments in
a comprehensive though coarse resolution ocean model (Levermann and First, 2010). |Levermann
and Fiirst (2010) show that the eddy return flow is proportional to pycnocline depth over a
variable horizontal scale of the outcropping. Here we attempt to capture variations in the merid-
ional horizontal length scale of the outcropping region by the meridional density difference between

the low-latitude ocean and the Southern Ocean, Apso = ps — pu. We thus use the parametrisation

mg =B Agm 7= CE ApsoD. 4)

As before, all quantities except D and Apgo are external parameters and compressed into one con-

stant C'g.
2.2 Pycnocline and salinity dynamics

The temporal evolution of the pycnocline is determined by the tracer transport equation following

Marzeion and Drange| (2006).

dD
BLUE:mU—I—mW—mE—mN (5)

Salinity equations for each box are derived from the advection in and out of the box, conserving
salinity, as well as the surface fluxes, Fiy and F's which represent atmospheric freshwater transport
as well as the horizontal gyre transport. The advection scheme follows the arrows shown in Fig. [T]
In computing the temporal changes in total salinity the changes in volume due to the pycnocline

dynamics needs to be accounted for.

%(VUSU) =mySp +mwSs — Sy (my +mw) + So(Fy + Fs) (6a)
%(VNSN) — mn(Sy — Sn) — SoFy (6b)
(VsSs) = muw(Sp — S5) + mi(Su — 5) — FsSo (60)
%(VDSD):mNSN +mpgSs — Sp(my +my). (6d)

With finite difference method applied to Eqs. (I)—(6), we made numerical simulations which

reached in equilibrium the values shown in Table[2] with the parameters given in Table[I]
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3 Governing equation

Here we derive an equation for the steady-state solution of Eqs. (I)—(6) by comprising them into one
equation of the oceanic pycnocline, D. We derive governing equations for the full case as well as
for the analytically solvable cases of a purely mixing- and a purely wind-driven cases. The model is
limited to positive and real solutions for the pycnocline ( see figure [2) as well as for non-negative
tracer transport values. A parameter combination that does not allow for a solution of this kind
is thereby inconsistent with an overturning circulation as represented by this model. We denote
a parameter region for which no such a physical solution exists as an “AMOC-off-state-region”. As
in the earlier version of the model (Furst and Levermann, [2011)) we find a threshold behaviour with
respect to an increase of the freshwater flux, Fly, for all three cases. The focus of this study is not
to show the existence of such a threshold of all parameter values. But, it is to present a mechanism
by which the overturning can increase between steady states under different freshwater forcings

before the threshold is reached and no AMOC can be sustained.
3.1 Full case

In the full case the governing equation is a polynomial of 10th order in the pycnocline depth (Ap-
pendix Eq.[A7). Thus solutions can only be found numerically. Of the 10 mathematical roots,
two are positive and real but of two adjacent solutions only one can be stable. Numerical solutions
were obtained in two ways. First by finding the roots of the polynomial (Appendix [AT] Eq. and
second by time forward integration of the original set of Eqs. (I)—(6) with different initial conditions.
The time integration naturally selects the stable solutions. Though this is not a proof by any means,
we feel confident to say that the solution with D = 616 m is the stable of the two physical solutions
(Fig. Bh). The corresponding tracer transport values are provided in Fig. [3p. The northern sinking
decreases with increasing freshwater forcing for the parameter set of Table [T} The equation for the

northern sinking as it results from the scaling (Eq.|1) and the salinity equations:

my = —%CND%aATj: \/iC?\,D‘laQATQ —CnD2BFNSy Q)

was also valid in the earlier version of the model (Fiirst and Levermannl [2011)). Rahmstorf] (1996)
provides a similar solution for the northern deep water formation with k as proportionality factor

between the northern sinking and the north-south density difference:

my = ;ka(TSTN)i\/ik%ﬂ(TsTN)2+kﬂFSSO~ ®)

In these earlier models only positive roots of the solution yield stable equilibria. That differs from
our model where for certain amounts of freshwater forcing the negative sign of the root in Eq.
(respectively Eq.[8) needs to be considered, as for example in the wind-driven case discussed below.

The threshold of the overturning is reached when the eddy return flow becomes negative (Fig. [3p,

grey shaded area) because the parametrization of the eddy return flow is only valid for positive
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values. That means the model presented here is not valid under negative eddy return flow. This
is interpreted as a point of instability of the circulation pattern the model describes. Physically
reaching the threshold means that there is no outcropping of iso-pycnals in the Southern Ocean
anymore. Thus the eddy return flow does not follow the physics that is described by the baro-
clinic instability and thereby it does not follow the parametrisation by (Gent and McWilliams
(1990). This also establishes a qualitatively different circulation pattern.

It should also be noted that also negative freshwater forcing was applied, which might not be
applicable with surface transport. However, the threshold freshwater forcing is in the positive
range. This is also true for the mixing- and wind- driven case.

Besides freshwater forcing from lower latitudes into the northern box only, experiments were
performed with freshwater forcing from the lower latitudes into the southern box and from
lower latitudes into both southern and northern box. All experiments showed the same be-
haviour in the overturning. The reason cloud be that all experiments affect the meridional

density differences in the same way.
3.2 Mixing-driven case

The purely mixing-driven case is defined by C'r = Cyy = 0. In this case the pycnocline dynamics
in steady state (Eq. |3) reduces to my = my = Cy/D. As the eddy return flow is eliminated from
the equation, this case has not changed compared to the model of [Furst and Levermann| (2011): the
governing equation is a polynomial of fourth order in pycnocline depth and has one physical solu-
tion which decreases with increasing freshwater forcing (Fig. fp). The overturning decreases until
a threshold level (Fig. @) which is reached when the pycnocline and therefore the tracer transport
processes become complex. The critical northern freshwater flux can be calculated by zero-crossing

of the discriminant of the polynomial.

erit _ 3(2CN)1/3C(2]/SQ4/3

xing = AT|Y? ©
N,mixing SBSO ‘ |

3.3 Wind-driven case

The purely wind-driven circulation is defined by C; = 0. Thus the tracer-transport balance in steady
state (Eq. E]) reduces to my = my — mg into which the eddy return flow and the northern sinking
are included as functions of the pycnocline depth and external parameters of Table[I](see Appendix|[A]
for a detailed derivation). For the northern sinking the northern salinity difference is calculated via
the salinity balance of North Atlantic (Eq. [6b) and inserted into the scaling of the northern sinking
(Eq. [T), similarly for the eddy return flow by using the Southern Ocean salinity balance (Eq. [6c).

The emerging governing equation is a third order polynomial of the pycnocline depth D which we
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solve analytically.

BSo(Fn + Fs)

D3CECnaAT
Cw

+OKAT50
2 C% 2
+D [CNFNSOﬂ—FCNCWOéAT—F CT(SOB(FN—I—FS)—l—CWaATSO) }
w

+ D2Cg[BSo(Fy + Fs) + CwalATsol +Chy =0

The solutions depend on the sign of the discriminant of the polynomial d = (¢/2)? + (p/3)? with p
and ¢ defined as:

g 1 (CnFnSoB+CnCwaAT +C%LA?\®  CywFnSoB+ C2aAT

272 ( 3CEaATA ) ~ 3CECna2AT?A
CpCw A cz,

© 3C%a2AT? " 205CnaATA

]2 _6CWCNOKAT -1 _ FNSOB + CWaAT
3 9C%a2AT? 9C%C%,a2AT? A?
with A = (SOﬂ(FN + Fys) +aATSQ) .

Cw

A polynomial of third order has either one root (Appendix[A2] Eq. if the discriminant is positive,
or three roots (Appendix [AZ] Eq.[ATI0) if the discriminant is negative which is the case for the pa-
rameters of Table[I|near the threshold (Fig.[5). Only one of the three mathematical roots is a physical
solution of equilibrium state of the model because one root is negative (Fig. [5] solution 1) and the
other solution has a negative northern sinking and the pycnocline values are out of range of the ocean
depth (Fig.[5] solution 0). No physical solution exists, when the eddy return flow becomes negative.
At this threshold the discriminant of the governing equation has a negative pole which can be used
to calculate the critical freshwater flux. In the following we describe a more straight forward way to
give dependencies of the critical freshwater flux. Assuming steady state for the salinity balance of
the upper low-latitudinal box (Eq. [6a] equal to zero, with my = 0) and for the tracer transport bal-
ance (mg + my = my = Cy), the salinity difference between the Southern Ocean and the upper

low-latitudes emerges:

S,
ASso = Sg— Sy = —é(FN + F).

The salinity difference contains no variables. As the temperature dynamics are not considered in
this model, the horizontal density difference between these two boxes is constant for a fixed set of
parameters.

Apso = BASso — alATso = —BCS—VOV(FN-FFS) —alATso (10)

The critical eddy return flow is equal to zero. Using the definition of the flow (Eq.[) and the fact that
the critical pycnocline depth is far in the positive range, Eq. (I0) can be set to zero at the threshold



270

275

280

285

290

295

level. The critical freshwater flow becomes:

OéATsoCW _
So

The critical northern freshwater flow depends linearly on the southern temperature difference and

crit _
FN wingd = — Fs

on the southern wind stress (via Cy/) and a higher southern freshwater flux would lower the critical
northern freshwater flow. Please note that this is a significant difference to previous approachers
(First and Levermann, 201 1;|Rahmstorfl,|{1996), where the critical freshwater flow is in first or higher
order (Eq.[9) sensitive to the northern temperature difference which has no influence onto the critical

freshwater flux in this case.

4 Freshwater-induced AMOC strengthening

The introduction of the southern density difference as a variable changing the eddy return flow results
in a mechanism that has rarely been reported before: an increasing overturning under northern
freshwater forcing prior to a threshold in freshwater beyond no AMOC, as described here, can
be sustained. Cimatoribus et al. (2014) found a similar behaviour in a different box model, but
under freshwater forcing from the southern into the northern Atlantic. The mechanism in the
model described here is simple: a freshwater flux from low-latitudes into the high northern latitudes
reduces the eddy return flow. If this reduction is not compensated by a reduction in mixing-driven
upwelling (as for example in a mainly wind-driven AMOC) then due to continuity northern sinking
has to increase since Southern Ocean upwelling is constant. Furthermore, it should be noted that
this result depends on the assumption that the northern sinking, m y, is a function of the square
of the pycnocline depth and the meridional density difference (see equation [I). Consequently,
only solutions of the pycnocline depth are allowed which increases in the right matter with
increasing freshwater flux. In general, the changes in the meridional density differences are the
main driver for changes in the northern sinking and the eddy return flow, i.e. the drivers for the
freshwater induced strengthening of the AMOC. Changes in the vertical density differences,
implemented here as changes in the pycnocline depth, stabilize the overturning circulation.
The mechanism of an AMOC strengthening under freshwater forcing is always dominant in the
wind-driven case which we will proof at the end of this section. In the full case the mechanism takes
not effect for the parameters of Table[I|but it emerges if the Southern Ocean temperature difference

is changed in such a way as to make the mixing less relevant (Fig. [6)).
4.1 Full case

In order to gain a better understanding of this behaviour, the tracer transport processes balance in

steady state (Eq. [5]equal to zero) is differentiated with respect to the northern freshwater flux. That
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gives an equation for the derivative of northern sinking:

dmpy dmg de
_ 1
dFy dFy + dFy an

Using the parametrisations of the eddy return flow (Eq. f) and low-latitudinal upwelling (Eq. [2),
Eq. (TT) yields

dmN o CU
drFy ~ \ D2

oD 8Apso
oFy PP oEy

+ CEAPSO)

The polynomial consists of two terms of opposing sign: the first term on the left depends on the
change of pycnocline depth (representing the vertical density structure) with increasing freshwater

flux. Since this derivative is generally positive the full term is negative. The second term is

aD_
> BFN
positive since the horizontal density difference in the Southern Ocean declines when Fly is increased.
The sign of the derivative of the northern sinking is determined by the ratio between the two terms.
Thus strongly increasing pycnocline depth, i.e. strong positive changes in vertical density structure,
shift the overturning to a deceasing threshold behaviour. If the southern meridional density difference
decreases stronger (in absolute values), then the overturning rises under freshwater forcing. The
crucial point is that the absolute value of pycnocline depth is present in the term with the derivative
of southern meridional density difference. That means rising pycnocline depth also amplifies the
term that depends on horizontal density structure and vice versa for the meridional density difference.

A stronger statement can be derived for the purely wind-driven case.
4.2 Wind-driven case

Upwelling in the lower latitudes amplifies the decreasing of northern sinking with increasing fresh-
water flow. Therefore, the wind-driven case provides a better example and a clearer image. Without
low-latitudinal upwelling the derivative of northern sinking (Eq.[IT)) equals the negative derivative of
the eddy return flow (dmy /dFy = —dmpg/dFy). From the scaling of the eddy return flow (Eq.
and the derivative of the southern horizontal density difference (Eq. [I0) the derivative of the northern

sinking emerges.

dmN oD 8Apso

Ay~ UrBpogps —CrD 00
(S8 oD 508
=Cg (CW (FN+F5)+OZAT50) OFN JrCEDCW

Now, solely the term depending on the negative southern density difference could diminish the

derivative. For the values given in Table , ;TD ~ éolosr?/’ and D ~ 1000m, the derivative is far
in the positive range (67’”\’ ~ 5000). In order to calculate the critical derivative, we use again the
fact that the southern density difference equals zero at the threshold.

dmy B Sof3
( dFN )Crlt CEDcrlt CW >

10
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The emerging critical derivative depends only on positive constants and the positive critical pycno-
cline depth, i.e. the overturning always increases close to the threshold. This result is not surprising
in light of the heuristic explanation given above, but it is not trivial due to the still complex vertical

and horizontal density dynamics.

5 Climate model experiments

In order to investigate the possibility of the occurrence of a freshwater induced AMOC strength-
ening in a more complex climate model experiments were performed with the University of
Victoria Earth System Climate Model, version 2.9 (UVic ESCM). UVic ESCM 2.9 is a model
of intermediate complexity, with a simple 1-dimensional atmosphere but a 3-dimensional dy-
namic ocean (Weaver et al., 2001; Eby et al., 2009). The model was forced with a constant
freshwater flux and run to equilibrium over 4300 years. The constant freshwater flux ranged
from 0.025Sv to 0.2Sv. Freshwater was transferred from the southern Atlantic (10°S to 30°S)
into the northern Atlantic (10°N to 30°N) in all simulations. The maximum overturning, aver-
aged over 1000 years, for these equilibrium simulations are shown in figure [7, The overturn-
ing increases for a freshwater forcing of 0.075Sv before it declines at 0.1Sv. The overturning
creases under a freshwater forcing of 0.16Sv or higher. The AMOC strengthening is less pro-
nounced compared to the box model behavior. However, due to the strong differences between
the box models and UVic ESCM slightly different behaviors can be expected. Furthermore,
the southern ocean is not well represented in complex climate models, especially eddy flows.
These experiments show that an increase of the AMOC under freshwater forcing is a possible
behavior of the overturning. However, further experiments would be needed to investigate the

robustness of this behavior.

6 Conclusion and discussion

The conceptual model of the Atlantic overturning presented here builds on a previous model (Fiirst
and Levermann, 2011) and advances the model by the introduction of a dynamic southern ocean
density difference for the eddy return flow as imposed by comparison with comprehensive ocean
model results (Levermann and Fiirst, [2010). As a first result the model reproduces the qualitative
result that a threshold behaviour is a robust feature that is independent of the driving mechanism,
i.e. it is present in a mixing-, a wind-driven as well as in a combined case. The regime of existence
of a solution for the overturning for a specific parameter combination is defined by the simultane-
ous compliance of a number of conditions, e.g. positive volume fluxes and pycnocline depth. In the
presented model the threshold is generally reached when the eddy return flow becomes negative.
Similar to the predecessor of the model also here the threshold is associated with the salt-advection

feedback. As suggested by Rahmstorf] (1996), a threshold thus only exists when the salinity in the
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low-latitude box is higher than in the northern box. This is the case here (see Table [2). Whether
the real ocean is in a bistable regime and thereby exhibits a threshold behaviour is of yet unclear.
According to a diagnostic by Rahmstorf] (1996)), an overturning is bistable if the overturning car-
ries a net salinity transport at 35 N. This diagnostic was confirmed to be valid in a comprehensive
climate model (Dijkstra, |2007) and is discussed in depth by Hofmann and Rahmstorf| (2009). Fol-
lowing this diagnostic most climate models do not show a threshold behaviour in earlier studies
(Drijfhout et al., 2010). However, in a more recent model in-comparison study the majority of
climate models do show a threshold behaviour (Weaver et al., 2012). Also observational data
indicates that the real ocean is in a bistable regime (Bryden et al., 2011), i.e. the current cir-
culation pattern could change after reaching a threshold. It should be noted that the model
presented here does not capture an ''off-state' of the circulation, i.e. describing a circulation
pattern after the threshold in freshwater forcing has been crossed. There are models showing
an inverse circulation, which is sometimes associated with the Antarctic Bottom Water filling
up the Atlantic (Rahmstorf et al., 2005) and other models show a seemingly stagnant ocean
(Stouffer et al., 2006b). Neither of these patterns would be properly captured by the physics
that is incorporated in the conceptual model presented here. Therefore, a bistable situation can
not be described but rather a threshold behaviour. This threshold behaviour shows that beyond
a certain freshwater flux the circulation in the Atlantic cannot be captured by the conceptual
model and is thereby not a classic overturning circulation as presently observed.

The main result is the observation that the overturning can increase prior to its collapse in response
to a freshwater flux from low-latitudes to high northern latitudes. Previous models including the base
models (Johnson et al.l 2007; [Marzeion and Drange} 2006; |[Fiirst and Levermannl [2011)) show the
opposite behaviour, similar to the bifurcation in the initial model of[Stommel| (1961). The emergence
of the effect depends on the inclusion of Southern Ocean winds as a driving-mechanism for the
overturning and the inclusion of a dynamic southern ocean horizontal density difference. It thus
does not include in the mixing-driven case. Thus our model has opposite behavior prior to reaching
the threshold depending on whether the circulation is wind- or mixing-driven.

This has strong implications for potential monitoring systems that aim to detect the vicinity to the
threshold. Methods that depend on the decline of the overturning prior to the threshold for example in
order to detect an increase in variability might not be suitable in a situation (Lentonl 2011} Scheffer
et al.,2009) in which the presented mechanism is relevant. However, applicability of these findings
for monitoring purposes are limited as the presented results refer to a system in equilibrium,
and not a time dependent state as we see under current global warming.

Whether the mechanism described here is dominant in the real ocean is beyond the scope of this
paper. This study presents the physical processes which need to be investigated with comprehen-
sive quantitative models and verified against observation in order to assess its relevance. Though

a large number of so-called water hosing experiments have been carried out (e.g. Manabe and Stouf-
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fer, |1995; IRahmstorf et al., 2005} [Stouffer et al., [2007), few studies have focussed on freshwater
transport from low- to high-latitudes. We were able to show a strengthening of the AMOC un-
der freshwater forcing prior to a decline of the overturning by prescribing different amounts
of constant freshwater transport from low latitudes in the southern Atlantic into the north-
ern Atlantic. However, this behavior is not strongly pronounced. Thus further experiments are

needed in order to find whether the mechanism is indeed relevant for the real ocean.

Appendix A: Analytical calculations

A1l Full case

The salinities are exchanged by salinity differences between the boxes except the salinity of the
northern box. The new salinity variables are defined as AS = Sy — Sy, ASp = Sy —Sp, ASso =
Ss— Sy, and Sy. The salinity balance of the northern box gives for the northern salinity difference:

_SoFy

AS = mN

(AD)

The scaling of the northern sinking (Eq.|1]) with the linearly scaling of the meridional density differ-
ence Ap = SAS — aAT and Eq. (AT) yields into a quadratic polynomial of m .

0 =m3% + myCnD?*aAT 4+ CnyD?*BFn Sy (A2)

It has the solution:

1 1
my = —§C’ND2aAT + \/ ZCJZ\,D‘*a?AT? — CnD2BFNSy. (A3)
The salinity balance of the upper box can be used to calculate ASp:
S
ASD:mlASSO+AS+7O(FN+FS). (A4)
mu my

The salinity balance of the southern box combined with Eq. (A4) results into an equation for the
southern salinity difference.

mw (Fn + Fs) +myFs
mi, + mwmy +mepmy

ASso = -5 (AS)

The scaling of the eddy return flow (Eq. ), the linear density function for southern meridional den-
sity difference (Apso = BASso —aATsp), and Eq. (AS) can be collapsed into a quadratic equation
formg.

mw (Fx + Fs) +myFs
mi, + mwmy +mepmy

0=mg+CgDpSy + CgDaATso (A6)
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It has the solution:

1 (m¥,
mg=—=| ——+mw + CgDalATso
2 my

1 [ m? 2
- (mW o + CEDaATSO> — CuDBSo (mw(FN + Fg) + Fs>
4 \ my my

m2
—CgDaATso (W + mw) .
mu

+

The governing equation of the pycnocline depth emerges by using Eq. (A6) and replacing the eddy
return flow by mpg = my +my —mxy, m% by Eq. (A2), and the upwelling transport processes, ms
and myy, by their scaling (Eqs. [2]and [3).

DYCECyCwC3% a2 AT? [SoB(Fn + Fs) 4+ CywaATso)

+ D?CnaAT [CrCw (Chy + CeCualTso) (FySoB+ FsSo + CwalTso)

+CyCn (Ciy FNSoB + CiyaAT + 2C5Cy Cw o AT ATso + CpCu SoaS(Fs AT + FnATso)) |
+D® [C}CE (FnSoB + FsSoB + CwaATso)?

+C%CE (FZS38% +3Cw FxSoaBAT + o AT? (3C}, + CrCuaATyo))

+COn (Cyy EnSoB + CiyaAT + CpCyCyy SoaBAT (3F N + 4Fs) + 6CpCy Cyyya® AT ATso
+ C%0% S0a? BATso(Fs AT + FnATso)

+2CCyCw (—FS§B% — FNFsSg 2 + CpCua® ATATE,))]

+ D" [CRCHaAT(2FN SoB + 3Cw aAT)

+2CECw (FnSoB + FsSoB + CwalTso) (Cyy + CrCu FsSoB + 2CECy CyralATso)

+ COnCu (4C3, Fn SoB + 6ChaAT +12CECy Chy o> AT ATso

+CpCy (—2FNFsS38° + CpCua® ATATS,) + CpCuyCw SoaB(5Fs AT + 2FN (AT + ATso))) |
+ DO [CS, +2CyCy/ (CeSoB(3FN 4+ 4Fs) + TCNCyaAT) + 10CECy ChyalATso
+2CECEHCwalTso(CpSoB(Fy + 3Fs) +5CNCuaAT) + CHCh (TONFnSoB + 6CHa* AT,
+Cf (CRF3SB° + CR CHa* AT? +2CpCnCy SoaB(Fs AT + FyATo)) |

+ D°Cy [6CY, +2CuCy, (3CESoB(Fy +2Fs) +8CNCyaAT) +20CECy CiyyaATso
+CECHalTso(2CEFsSoB + 3CNCyalAT) 4+ 2C5Cw (3CN FnSoB +2CEa” AT, ]

+ D*CE [15Cy, + CuCw (2CESoB(Fy +4Fs) +9C N CyaAT) +20CECy ChyaATso

+C3 (2CNFnSof+ Cro”ATg)]

+ D320} [10C5, + CyCpFsSoB + CnCEAAT + 5CCyCryaATso]

+ D2CY [15C2, 4+ 2C5CualTso] + D6CECy + CF =0 (A7)
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A2 Wind-driven case

For a wind-driven overturning the upwelling in the lower latitudes is zero by setting Cy = 0. Thus
the tracer transport balance in steady state (5]equal to zero) reduces to my = my +mpg. Differences
in salinity are defined as in the full problem and the salinity balance in the northern box is the same
as in the full problem. Therefore Eqs. (AT)—(A3) are valid. Using the salinity balance of the southern

box, in this case the southern salinity difference reduces to:
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mw
For the eddy return flow it follows:

So(Fn + F,
E:_CEDﬂio( v+ F)

- OéATsoCED.
475 Cw

(A8)

Replacing the northern sinking by Eq. (A3)) and the eddy return flow by Eq. in the tracer

transport balance the governing equation of the pycnocline depth emerges.

DSCECNQAT {W + OéATSO
w

C
+ D2 |:CNFN505 + CnCwaAT + 02 (SO/B(FN + Fs) + CWaATSQ)

+ D2CEg [5SO(FN + Fs) + CWaATso} + CI%V =0
480 The solutions of the polynomial depend on the sign of the discriminant d = (q/2)?

+ (p/3)3 with p
and ¢ defined as:

g 1 (CNFNSOﬁ+chWaAT+c§A2)3 Cw FnSoB+ CE,aAT
2 2 3CpaATA 3CECNa?AT?A
CpCw A cz,
3CZa?AT? ' 20pCnaATA
p 6CwCnaAT —1  FnSofS+ CwalAT

37 9C%a?AT?2  90%C%}a’AT2A2
withA = (COB (Fy + Fs)+ aATSO)

If the disciminant is positive the governing equation has one real solution.

For a negative discriminant there are three real solutions.

1 F AT
D=2 _p cos | —arccos —l — On 5o+ CnCwa
V 3 3 2py/—2

5 8CECNaAT (2 (Fy + Fs) +aATo)

2
C% (%(FN + Fs) + OzATso>

4
3CeCnaAT (%(FN + Fs) + OzATso)

2

OnFnSoB+CnCiaAT + O (g%f(FN + Fg)+ aATSO)
490 —

3CECnaAT (%(FN +Fqo)+ OéATSo)
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Table 1. Physical parameters for used for the model.

Parameter  Value Unit Description
Geometry

H 4x10° m Average depth of the Atlantic Ocean basin

B 1x 107 m Average width of the Atlantic Ocean

Ly 3.34 x 108 m Meridional extend of the northern box

Ly 8.90 x 108 m Meridional extend of the tropical box

Ls 3.34 x 10° m Meridional extend of the southern box

Stratification

P0o 1027 kgm 3 Average density of the Atlantic Ocean

So 35 psu Average salinity of the Atlantic ocean

Lf/v 1.5 x 108 m Meridional extent of the northern outcropping
Acm 1x10° m?s~? Thickness diffusivity

K 4%x107° m?s™! Background vertical diffusivity

ar 2.1x107* 1°ect Thermal coefficient for isobars

a kg (m®°C)~!  Product of po and aer

Bs 8x 1074 Ipsu~t Haline coefficient for isobars

B kg (m®psu)~"  Product of po and Bs

c 0.1 - Constant accounting for geometry and stratification

External rorcing

BN 2x 1071 lms™* Coefficient for 5-plane approximation in the North Atlantic
for —75x107° 1s7! Coriolis parameter in the Drake Passage

Tbr 0.1 Nm™?2 Average zonal wind stress in the Drake Passage

Fy 0.1 Sv Northern meridional atmospheric freshwater transport
Fs 0.1 Sv Southern meridional atmospheric freshwater transport
Tn 5.0 °C Temperature of the northern box

Tu 12.5 °C Temperature of the tropical surface box

Ts 7.0 °C Temperature of the southern box
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Table 2. Numerical solution of the model by applying finite difference method on Eqs. (I)-(6). Equilibrium

state is obtained after 2000 yr with a time step of 14 days and the starting conditions: Salinities set to 35 psu

and the pycnocline depth set to 500 m.

Name Value
Salinities SN 35.04 psu
Su 35.24 psu
Sp 35.02 psu
Ss 34.79 psu
Tracer transports my 17.5Sv
my 5.8Sv
mw 13.0Sv
mg 1.2Sv
Meridional density ~ Ap 1.45kgm™>
differences Apso  0.82kgm™>
Pycnocline depth D 615m
g -
’-mE Ty Sy
my, =g my - my
T5 Ss TpSp TnSx

D

Figure 1. Schematic of the conceptual model as suggested in |[Fiirst and Levermann| (2011) and used here. The

depth of the pycnocline D is determined by the balance between the northern deep water formation mn, the

upwelling in the low-latitudes m¢; in response to downward mixing, the Ekman upwelling mw and the eddy-

induced return flow m . Salinity is advected along with these transport processes and determines together with

a fixed temperature distribution the horizontal density differences. The differences are between low-latitudinal

box and northern box, Ap, and low-latitudinal and southern box, Apso, respectively. The density differences,

in turn, determines the northern sinking, my o< D?Ap, and the eddy-induced return flow, m g o< DApso.
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Figure 2. Trend of the governing equation for the full case (red line), the wind-driven case (my = 0, blue
line) and the mixing-driven case (mw = mg = 0, green line). The intersections with zero (black dashed line)
are solutions of the polynomial but those in the grey shadowed area correspond to a negative pycnocline depth.
Therefore they are not physical. In all three cases there are two positive solutions, a lower stable, physical one D
and a higher unstable or non-physical one D. In the wind-driven case the non-physical solution is out of range
of the pycnocline but is shown in Fig. |5 For the full case the solutions are D = 616 m and D =1342m, for
the wind-driven case they are D = 523 m and D = 6190 m and for the mixing-driven case they are D = 446 m

and D = 1985 m.
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Figure 3. In steady state only one real stable solution of governing equation of the full exists which increases
under freshwater forcing (a). The tracer transport processes show different behaviours (b). The eddy return
flow m g decreases (b, green line) until it becomes negative and the break down of circulation is reached (grey
shaded area). Also the density difference between the southern box and the low-latitudinal box, Apso, crosses

zero at the threshold level (¢, green line).
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Figure 4. In steady state the governing equation for the mixing-driven case has one real, stable solution until
a threshold level is reached (a). Thereafter, no real solution exists. The tracer transports are upwelling in the mid
latitudes and northern sinking which balance each other (mxy = my ) and decrease under increasing freshwater

forcing (b).
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Figure 5. In steady state only one physical solution of governing equation for the wind-driven case exists. There
are three real solutions before the circulation breaks down (a, white area) because the discriminant is negative
(e). The physical branch is solution 2 (red line). The threshold (grey shaded area) is reached when the eddy

return flow becomes negative (c, red line) and the discriminant of the governing equation has a negative pole

(e). The zero crossing of the discriminant, which was in the parent model (Fiirst and Levermann, 2011) the

indicator for a cessation of the circulation, does not appear within the range applicability of our model. Within

that range the northern sinking always increases (b, red line) and its derivative is positive (d, red line).
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Figure 6. The derivative of the northern sinking with respect to freshwater forcing in full case. The derivative

is positive before the circulation collapses (white area). This behaviour is caused by a change in the Southern

Ocean temperature from Ts = 7°Cto Ts = 5°C.
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Figure 7. Maximum overturning for freshwater experiments with UVic ESCM 2.9. Freshwater was taken out
at 10°S to 30°S and dumped into the Atlantic at 10°N to 30°N prescribing different constant amounts of
freshwater. For each simulation the maximum overturning is averaged over the last 1000 years of the simulation
(blue curve). Each blue cross corresponds to one equilibrium simulation. If the model would not show an

AMOC strengthening, the modeled maximum overturning would be expected to follow the red curve.
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