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ABSTRACT

North Atlantic meridional density gradients have been identified as a main driver of the Atlantic meridional
overturning circulation (AMOC). Due to the cabbeling effect, these density gradients are increasingly
dominated by temperature gradients in a warming ocean, and a direct link exists between North Atlantic
mean temperature and AMOC strength. This paper quantifies the impact of this mechanism in the Stommel
and Gnanadesikan models. Owing to different feedback mechanisms being included, a 1°C warming of North
Atlantic mean ocean temperature strengthens the AMOC by 3% in the Gnanadesikan model and 8% in the
Stommel model. In the Gnanadesikan model that increase is equivalent to a 4% strengthening of Southern
Hemisphere winds and can compensate for a 14% increase in the hydrological cycle. Furthermore, mean
temperature strongly controls a freshwater forcing threshold for the strong AMOC state, suggesting that the
cabbeling effect needs to be considered to explain past and future AMOC variability.

1. Introduction

The Atlantic meridional overturning circulation
(AMOC) is a key component of the Earth climate
system. Dynamical considerations and model studies
indicate that the AMOC strength is closely related to the
meridional density gradient and thermocline depth in
the North Atlantic (Johnson et al. 2019). Through me-
ridional advection of heat and freshwater, the AMOC
does not only affect climate patterns, but also influences
ocean density and stratification, providing the opportu-
nity for positive feedback mechanisms and nonlinear
modes of climate variability (Stommel 1961; Broecker
1987; Stocker et al. 2001; Weijer et al. 2019).

Indeed, paleoclimate records indicate that the last
glacial period was characterized by strong, irregular
millennial variability associated with reorganizations
of the AMOC, known as Dansgaard-Oeschger (DO)
events (Dansgaard et al. 1993; Bond et al. 1999; Alley
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2000; Andersen et al. 2004). No such variability occurs
during warm periods, suggesting not only a link between
mean states of climate and AMOC but also their
stability.

In ocean and climate models, the AMOC is strongly
impacted by freshwater fluxes into the ocean (Stommel
1961; Weaver et al. 1993; Stocker et al. 2001; Timmermann
et al. 2003; Wolfe and Cessi 2014; Menviel et al. 2014). The
AMOC can be turned off in such models by inducing a
sufficiently large freshwater flux into the North Atlantic,
mimicking the rapid retreat of Northern Hemisphere ice
sheets. On the other hand, evidence from paleoclimate
proxies on the timing of AMOC changes and iceberg
transport suggests that meltwater did not always act as
a trigger for AMOC events (Barker et al. 2015; Ng
et al. 2018).

A number of other mechanisms have been proposed
to explain the AMOC variability. The expansion of
North Atlantic sea ice has been shown to impact the
AMOC through its control over surface fluxes, and by
affecting the locations where deep convection occurs
(Stocker et al. 2001; Bitz et al. 2007; Sévellec and
Fedorov 2015). The link between wind forcing and the
AMOC has been explored, in particular in the North
Atlantic and the Southern Ocean. It has also been shown
that changes in basin geometry, like the opening and
closing of the Bering Strait (Shaffer and Bendtsen 1994;
Hu et al. 2012), can affect the AMOC behavior.
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The nonlinear equation of state for seawater has been
noted to contribute to systematic AMOC changes under
warming climate conditions in coupled climate models
(Stouffer and Manabe 2003). De Boer et al. (2007) explore
this mechanism in an idealized model, finding that while
the AMOC is reduced, an increasingly strong Pacific me-
ridional overturning circulation develops with increasing
mean temperature. It is difficult, however, to isolate the
effect of specific processes in complex climate models
which often show substantial biases, and where many of
the processes impacting the AMOC act concurrently.

Theoretical models have been developed to better
understand and quantify the impact of different pro-
cesses and forcings on the AMOC strength and stability.
Despite their often simplistic design, such models have
been remarkably successful in simulating the behavior
of more sophisticated general circulation models (Weijer
et al. 2019). The salt-advection feedback in the Stommel
model (Stommel 1961) helps maintain a strong AMOC
throughout the current climate, by reducing the meridi-
onal salinity difference. This feedback also allows, how-
ever, for a second stable state of the circulation without
deep water formation in the North Atlantic. Furthermore,
a strong, northward AMOC cannot be maintained if
freshwater fluxes in the North Atlantic exceed a certain
threshold.

A number of studies have expanded on the Stommel
model, by including additional processes. Models with
an additional Southern Hemisphere box (Rooth 1982;
Rahmstorf 1996; Scott et al. 1999) highlight the impor-
tance of salt fluxes and freshwater fluxes for the inter-
hemispheric overturning strength and stability. In a
similar analytic framework, the Gnanadesikan model
(Gnanadesikan 1999) includes dynamical constraints
related to wind-driven upwelling and eddy fluxes in the
Southern Ocean (Wyrtki 1961; Toggweiler and Samuels
1995), which provide a strong control over the AMOC
strength (Cessi 2019; Johnson et al. 2019). A combination
of Stommel and Gnanadesikan model constraints has been
explored by Johnson et al. (2007) and Gnanadesikan
et al. (2018).

A typical characteristic of these theoretical models is
that temperature and salinity are competing for control
over density gradients, and hence the strength and di-
rection of the circulation. For example, the tropical
reservoir is warm and salty compared to the subpolar
reservoir in the Stommel model, and the Northern
Hemisphere box is warm and salty compared to the
Southern Hemisphere box in the Rooth model (Rooth
1982; Rahmstorf 1996; Scott et al. 1999). Consequently,
the thermal expansion and haline contraction coeffi-
cients ought to be critical in determining model thresh-
olds and behavior. However, a linear equation of state
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with constant values for both parameters is used in most
analytic models. A study using a quadratic equation of
state (Roquet et al. 2017) notes that it contributes to the
instability properties of a loop model.

In general circulation models, nonlinearities in the
equation of state (IOC et al. 2010) are critical to explain
the present day stratification (Roquet et al. 2015; Nycander
et al. 2015), most notably the thermobaric and cabbeling
effects. The former describes the increase of thermal ex-
pansion of seawater with pressure, and the latter the in-
crease with temperature. This study aims to quantify the
impact of the cabbeling effect in the Stommel and
Gnanadesikan models. In particular, it addresses the
question whether there could exist a direct link between
mean climate and overturning circulation through sys-
tematic changes in thermal expansion.

The remainder of the manuscript is organized as fol-
lows. Section 2 introduces the equation of state used in
this study, and sections 3 and 4 explore the consequences
of implementing this equation of state in the Stommel
and Gnanadesikan models, respectively. Results are
discussion in section 5.

2. Equation of state

A quadratic approximation to the density equation
is used,

o
=p —a T—LT*+8S 1
p=ro el o BS, 1)

with a, = 0.065kgm *K ', a; = 0.1kgm *K !, T, =
10°C, B = 0.78kgm > PSU !, and p, = 1027.97kgm >
(Fig. 1), which provides a reasonable fit with the full
equation of state (IOC et al. 2010). In this approxima-
tion, the thermal expansion coefficient a« = —dp/dT =
a, + ayT/T, increases linearly with temperature. The
density difference between a tropical and a subpolar
reservoir is of particular interest in the present study,
with the properties of the two reservoirs being indi-
cated by subscripts “trop” and ‘‘subp,” respectively.
According to (1) this density difference can be written
analog to a linear equation of state,

T
Han-l-a]T, 2)

Ap =aAT — BAS,
with Ap = ﬂsubp — Ptrops AT = Ttrop - Tsubp’ AS = Strop -
Ssubps and T = (T'rop + Tsuvp)/2. A useful property of the
finite difference thermal expansion coefficient @(7) is
that it is independent of the temperature difference AT
and equal to the thermal expansion coefficient at the
mean temperature T, i.e., @(T) = a(T) (see Fig. 1a for
an illustration of that property).
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FIG. 1. Quadratic approximation to the equation of state: (a) density and (b) thermal expansion coefficient as a
function of temperature with a constant salinity of 35 PSU at surface pressure calculated using the full equation of
state (TEOS-10; IOC et al. 2010) and the quadratic approximation (1).

. Stommel model
a. Model equations

The Stommel box model (Stommel 1961) consists of
two well mixed reservoirs (Fig. 2), which exchange water
at a rate

Q) =kAp = k(@AT — BAS), 3)
proportional to the density difference between the two
reservoirs calculated using (2), with k = 10Svm’kg !
(all standard model parameter values are also given in
Table 1). Only steady states are considered in this
study. Accordingly, temperature and salinity are de-
termined by a balance of surface forcing and advec-
tion. In the former case, the downward surface heat
flux relaxes reservoir temperatures toward externally
prescribed temperatures and T/ . Specifically

trop sub
|ON|AT = Ysubp( subp Subp) for the cold, subpolar
reservoir and |Qy|AT = ym,P(Ttrop T'rop) for the warm,
tropical reservoir, with the constants yop and ysypp T€-
flecting reservoir sizes and strengths of the surface
coupling. It is useful to write these temperature con-
straints in terms of temperature average and difference

as they appear in (2),

A T = Y A Tf , = 2/ysubp ytrop

4
2104+ “

b
ysubp + ytrop

_ ytrop - ysubp

T=T + , , (5)
2|QN| + ’ytrop ysubp
with the external mean temperature 7/ = (77 bp + trop)/2
and external temperature difference AT/ = T[:Op - TSubp

25°C. In the original Stommel model both reservoirs have
the same size and Ysubp = Yirop = - The constraint for the
temperature difference (4) remains unchanged despite
loosening this restriction, now using the effective relax-
ation parameter y = 80 Sv (1 Sv = 10°m>s™'). In the limit
that one reservoir is much larger than the other and hence
temperatures are much less affected by advection, e.g.,
Yirop > Ysubp> ONE ObLAINS ¥ = 2Ygupp.

Constraint (5) is typically discarded, because Qy is
independent of T with a linear equation of state. For the
original Stommel model (‘Ysubp = Yirop) # = 0, and hence
T =T/ is externally prescribed, however, this is not the
case in general. For the present day it appears that the
CaSe Yirop = Ysubp IS Most relevant: since the circulation is
not closed in the South Atlantic and water upwells
globally, it is already substantially warmed before en-
tering the tropical Atlantic surface layer. In other words,
water flowing northward is on average warmer than
water flowing southward in the South Atlantic. This
reduces tropical Atlantic temperature sensitivity to the
AMOC strength compared to the hypothetical case that
all water directly upwelled into the tropical Atlantic.
Such complexity cannot be fully resolved in a two-box

Unauthenticated | Downloaded 06/01/21 08:47 AM UTC



2564

a Stommel box model
A I
l v

—
On

ptrop, Ttrop: SL‘rop psubp: Tsubp. 5subp

_

b Gnanadesikan model

S ptrop: Ttrop: Strop ON

T

FI1G. 2. Schematic illustration of the Stommel and Gnanadesikan
models: (a) the Stommel box model (Stommel 1961) and (b) the
Gnanadesikan model (Gnanadesikan 1999).
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model, however, the effect can be approximated by
setting u > 0 (u — 1 in the limit that yyo, — % and
Tiop — trop) Consistently, a strong Qp is correlated
with abnormally warm North Atlantic surface temper-
atures (Zhang et al. 2019).

For salinity driven circulations (Qy < 0), the same
parameters y and u may not be appropriate as with
sinking in the subpolar box, because tropical Atlantic
surface temperatures are directly impacted by the flow
from the subpolar Atlantic (here the subpolar box
may be less impacted, depending on the source water).
In this study, steady-state solutions are obtained in
terms of T, hence no standard parameter values Yirops
Ysubp> and w are required, and solutions are valid in-
dependent of reservoir sizes. But one ought to be
mindful about 7 being part of the solution. Furthermore,
as an average North Atlantic temperature, it does not
necessarily reflect the global mean. Constraint (5) can
be used to calculate the corresponding externally im-
posed T/, or changes thereof, for any specific choice of
reservoir size.
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TABLE 1. Standard parameter values used in the model solutions
[Stommel box model (S), Gnanadesikan model (G), or both], and
their standard deviation in percentage of the standard value used
for uncertainty estimates.

Parameter Value Model STD
k 10Svm’kg ™! S —
v 80 Sv Both 100%
T 12°C Both 10%
AT 25°C Both 20%
F 30Sv PSU Both 40%
kn 6 X105 Svmkg ! G 30%
Ow 20Sv G 20%
kg 0.025Svm ™! G 50%
ks 4000 Svm G 50%

The salinity difference is maintained by a prescribed
surface freshwater flux into the subpolar and out of the
tropical reservoir (Fig. 2), balanced by advection,

=|0yAS, (6)

where F' = 30 Sv PSU is the freshwater flux times the mean
salinity. Effects of mean salinity changes are not consid-
ered here. For a given T, constraints (3), (4) and (6) form a
closed system of equations for the three variables Oy, AT,
and AS identical to the original Stommel model, despite
the use of a nonlinear equation of state. The following
analysis focuses on how changes in 7 and @ impact the
solutions, in particular the stable one in which the density
difference is dominated by temperature, @AT > BAS.

b. Solutions

Three solutions are shown in Fig. 3, corresponding to
different levels of simplification from the full Stommel
model, to illustrate the impact of processes. If advective
temperature and salinity feedbacks are both neglected
(red curves), i.e., Qyis replaced by Q, = 20 Svin (4) and
(6), AS and AT are both determined externally. Hence,
the overturning strength Qp increases linearly with @
and mean temperature 7.

Next, we include the impact of salinity advection
feedback (blue curves in Fig. 3), by only replacing Q
with Q,, in (4). Eliminating AS using (3) and (6) yields

0, = k(aaT-p5-). ™)
v Oyl
For Ox > 0 solutions to the quadratic equation are

1 _ BF

1
27 \4 k@ary ®

ot kaAT[

Only the first one of these two solutions is stable
(Marotzke 2000), with Q* — kaAT and AS — 0 in the
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FIG. 3. Impact of mean temperature on the Stommel model: tem-
perature dominated solutions (Qy > 0) to the Stommel box model
without advective feedbacks (red curves), with salt feedback (blue
curves), and with salt and temperature advective feedbacks (black
curves) as a function of mean temperature. (a) The strength of the
overturning circulation, (b) the salinity difference, and (c) the tem-
perature difference between the two boxes. Dashed curves indicate
corresponding solutions with freshwater forcing set to its maximum
threshold F,,(T), and circles mark the thresholds 7},,, where F = F,,,.

limit of F — 0. Since AS is reduced with increasing Qy,
salt advection provides a positive feedback and amplifies
the response to changes in mean temperature.

Temperature advection feedback has the opposite effect
as that for salinity, because reduced temperature gradients
weaken Ap, thereby reducing the sensitivity of Q% to T
in the full Stommel box model (black curves; solutions
obtained numerically). Reduced temperature differences
with increased mean temperature (Fig. 3c) also imply that
high latitudes warm faster than the tropics. For the pa-
rameters used, AT is reduced by about 0.5°C per 1°C of
warming, i.e., higher latitudes warm almost twice as fast as
the tropics. This illustrates, that while polar amplification
of temperature acts as a negative feedback on AMOC
strength, the AMOC strengthening in response to mean
warming could contribute to polar amplification provided
the circulation remains near equilibrium.

It follows directly from (8), that the radicand is posi-
tive and the strong AMOC state exists only for Fbelow a
maximum freshwater forcing threshold, that is for F <
F,, with

_ k(@AT)
Fm - T.

Without temperature advection feedback, the threshold
F,,, increases quadratically with @&, and hence is strongly

©)
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FIG. 4. Impact of mean temperature on the maximum freshwater
forcing threshold: (a) maximum freshwater forcing threshold for
solutions with Qn > 0 as a function of mean temperature, i.e., F,,
divided by a mean salinity of 35 PSU. Corresponding to Fig. 3, the
blue curve indicates this threshold in the Stommel box model
without and the black curve with temperature advection. The gray
curve shows the same threshold for the Gnanadesikan model.
(b) The external mean temperature 7’ as a function of North
Atlantic mean temperature 7 assuming u = 0.75. The circle marks
the minimum temperatures for which the Stommel solution exists.

dependent on mean temperature (Fig. 4). When the
temperature advection feedback is included, F,, in-
creases similarly with @: taking the limit F — F),
and eliminating AT using (4) gives QF — kaAT/2 =
y/4(\/1 + 4kaAT/ly — 1), meaning Q" reaches a mini-
mum in the limit F — F,,,. Consequently, the tempera-
ture advection feedback is relatively weak, and AT
changes relatively slowly. Solutions with F = F,,(T) are
indicated by dashed curves in Fig. 3. The intersections of
dashed and solid lines mark the temperature where
F,.(T) is equal to the standard value used. Hence, the
standard solution exists only for mean temperatures
higher than a threshold, T, (F), which is obtained by
inverting (9) to mean temperature.

The mean temperature advection feedback (5) am-
plifies externally imposed mean temperature changes.
Figure 4b illustrates a specific example with u = 0.75,
which corresponds to the heat flux in the tropical box
being 7 times as strong as that in the subpolar one.
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For this choice, T increases about 16% faster than the
external mean temperature 77. This positive feedback
between Qn and T has the effect to generally amplify
AMOC and North Atlantic temperature variability. At
least in the present model formulation, however, where
T solely increases because T,pp Warms faster than Tyyqp
cools in response to an AMOC strengthening, temper-
ature advection is still a net negative feedback. A linear
stability analysis (Ruddick and Zhang 1996) was per-
formed to confirm that all steady-state solutions dis-
cussed for the Stommel model with (2) are stable and no
oscillatory climate modes exist (appendix A).

For completeness, the solution to (7) with a salinity
dominated density gradient and upwelling in the sub-
polar box (Qn < 0) is noted,

1

L _BF
2 \/4

- = kaAT
¢ ~hka K(@AT)?

. (10)

Here, the solution with a + is discarded because it does
not satisfy On < 0. The absolute strength of Q is re-
duced with increasing @, i.e., Q" increases (Fig. S1 in the
online supplemental material), because the temperature
term is growing relative to the salinity term in (3). Note
that the curves for Q% (7T) and Q~(T) from Fig. 3 and
Fig. S1 can only be interpreted together as a bifurcation
diagram for u = 0, e.g., the original Stommel model,
such that T = T’. Otherwise T for the same 7 is larger
for QF, because of the circulation being generally
stronger.

4. Gnanadesikan model
a. Model equations

While Oy in the Stommel model is generally in-
terpreted as a proxy for the AMOC, it lacks (among
other things) processes related to the thermocline depth
and adjustments, which have been found to be critical to
simulate the ocean response to changes in boundary
conditions (e.g., De Boer et al. 2010; Johnson et al.
2019). The Gnanadesikan model (Gnanadesikan 1999)
summarizes the current understanding of the AMOC
(Cessi 2019; Johnson et al. 2019) by considering ther-
mocline depth and including dynamical constraints
related to Southern Ocean westerly winds and dia-
pycnal mixing (Robinson and Stommel 1959; Munk
and Wunsch 1998).

Similar to the Stommel model, it has two reservoirs
which are thought to be separated by an isopycnal sur-
face (Fig. 2). Mass is exchanged between the reservoirs
in the North Atlantic (transport Q) and the Southern
Ocean (Qgs) where the isopycnal outcrops, and across
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the isopycnal surface via diapycnal mixing processes in
the ocean interior (Qy,). These three transports depend
on the thermocline depth H and density difference Ap as
follows,

Qy = kyApH?, (€3))
Qs=0Qy —0,=0y —k;H, (12)
k

with ky = 6 X 107° Sngflm, Southern Ocean wind-
driven transport Qy = 20Sv, kg = 0.025 Svm™ %, and
ka; = 4000 Svm. Note that different parameterizations
have been proposed for all transports (e.g., Johnson
et al. 2007; McCreary et al. 2016), and estimates for their
exact contributions even for the present state of the
circulation remain somewhat uncertain (Cessi 2019). An
estimate of the impact of such uncertainties on the
present results (appendix B) suggests, that they are
qualitatively robust at least with respect to parameter
values. The standard values above correspond to an
eddy diffusivity of about 1000m?>s ™' in the eddy trans-
port O, and a diapycnal diffusivity of about 1.5 X
10 m?s™ .

The original Gnanadesikan model does not include
explicit equations for temperature, salinity, and Ap, with
the latter to be diagnosed from data or models. Here,
Ap, AT, and AS are determined through (2), (4), and (6)
as in the Stommel model. A similar combination of
Stommel and Gnanadesikan models is used in Johnson
et al. (2007) and Gnanadesikan et al. (2018). Further
utilizing the constraint that mass is conserved in each
reservoir in steady state,

QN:QS+QM’ (14)
solutions can be obtained numerically. In a general
sense, this model can be understood as a Stommel model
with an overturning strength depending on Ap in a
nonlinear way. Ruddick and Zhang (1996) show that
such models have solutions equivalent to those of the
original Stommel model and behave similarly, if the
overturning function is monotonic and not “‘too wiggly.”
The present results support this interpretation.

b. Solutions

First, solutions are obtained that neglect advective
feedbacks by setting the overturning strength to Q, =
20 Sv in the salinity and temperature equations, thereby
prescribing AT and AS externally (red curves in Fig. 5).
Accordingly, Ap increases linearly with @ and T. The
overturning rate Qu grows slower than Ap, however,
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FI1G. 5. Impact of mean temperature on the Gnanadesikan
model: Temperature dominated solutions (Qn > 0) to the
Gnanadesikan model without (red curves) and with (black
curves) advective temperature and salinity feedbacks. Blue curves
indicate solutions with the freshwater forcing F increased by 50%
for the full model, and dashed curves show solutions with the
freshwater flux equal to its maximum threshold F,,(7T). Circles
mark the threshold 7,,, where F = F,,. (a) The strength of the
overturning circulation, (b)—(d) the temperature, salinity, and
density difference between the two boxes, and (e) the thermocline
depth. (f) The transports driven by Southern Hemisphere eddies
(QE, solid curves) and diapycnal mixing (Q,,, dash—dotted curves).

because the thermocline adjustment provides a negative
feedback. This follows directly from the model equa-
tions, as substituting (12) and (13) in (14) yields Oy as a
monotonously decreasing function of the thermocline
depth H. Increases in Q are compensated by decreased
eddy transports QO and increased diapycnal mixing Q.
A more complex response could occur, if O and Qy
also were dependent on Ap.

When advective feedbacks are considered, and hence
AT and AS determined internally, more than one solu-
tion exists as for the Stommel model. Again, the focus is
on the solution with a temperature dominated Ap and
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positive QO (black curves in Fig. 5). The effects of ad-
vective feedbacks for temperature and salinity on Qy
largely cancel each other for standard parameters, and
Qy increases by about 0.6 SV (3% ) per 1°C of warming.
Because of the reduced sensitivity of QO relative to the
Stommel model, the polar amplification of warming is
also weaker, with the subpolar reservoir warming by
about 17% faster than the tropical reservoir. Likewise,
the difference in changes between the external North
Atlantic mean temperature and 7 is generally reduced
(to 5% for parameters chosen in Fig. 4b).

The maximum freshwater forcing threshold F,, for
solutions with Qn > 0 is calculated numerically for the
Gnanadesikan model (Fig. 4) and increases with T in a
similar way as for the Stommel model. Because of the
thermocline feedback, however, the threshold is gener-
ally higher and the forcing remains below this threshold
for standard values. Solutions with freshwater forcing
increased by 50% are shown (blue curves in Fig. 5) to
illustrate that circulation and stratification are increas-
ingly sensitive to changes in mean temperature as the
threshold is approached.

To assess how effectively changes in mean ocean
temperature impact the AMOC strength relative to
changes in other boundary conditions, the following
three measures are defined. First, M€ is defined as the
increase in overturning strength in percent caused by
1°C of warming of T (3% for standard parameters with
T =12°C). Second, M" is the increase in Southern
Hemisphere wind forcing Qy to accomplish the same
increase in overturning strength as for 1°C of warming
(4%). Finally, M" is the increase in freshwater forcing
required such that the overturning circulation remains
constant under 1°C of warming (14%).

To test the sensitive of these results to the standard
parameters used, MC, MY, and M” are recalculated
using randomly sampled parameter values, constrained
by the overturning strength being 15 = Oy = 25Sv
(appendix B). With a sample size of one million, the
median and first and third quartiles for the results are
M? =2.6% (21%, 3.3%), MY = 4.0% (3.1%, 5.3%),
and M* = 16.0% (12.1%, 21.7%), suggesting that the
solutions obtained for standard values are qualitatively
robust. Figure 6 illustrates the sensitivity to each param-
eter. The sensitivity to the mixing parameters k, and kg
is relatively strong because of their control over the
strength of the thermocline response to changes in Oy in
(14). Since kj; and kg are integrals over the area of the
ocean and the zonal extend of the Southern Ocean, re-
spectively, this implies that sensitivities may be distorted
in idealized general circulation model experiments with
reduced basin size. For a more general discussion of the
mixing parameters see also Johnson et al. (2007).
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FIG. 6. Sensitivity of Gnanadesikan model results to model parameters: red curves show the
median and first and third quartiles of the full set of solutions (N = 1000 000) with randomly
sampled parameter values (appendix B) as a function of each parameter. Gray dots show a subset
of 5000 samples of the solutions, and blue plus signs indicate the standard parameter solution.
Variables shown are M2, the increase in Qn per 1°C increase in T, MY, the increase in Qyw
required to increase Qn by M2, and M”, the increase in F required to keep Oy constant with 1°C
warming. Standard parameter values and corresponding standard deviations are given in Table 1.
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Relative to that on AMOC strength, the impact on
the freshwater threshold F,, is notably stronger for T
than for Southern Hemisphere winds: while raising T
by 1°C increases F,, by 7%, strengthening the winds
by 4% increases F,, by only 2.3% for standard pa-
rameters. This is consistent with the equation for F,,
in the Stommel model (9), which depends quadrati-
cally on the thermal expansion coefficient but only
linearly on the parameter k, which describes the dy-
namical relation between the density difference and
overturning strength (In contrast, the overturning
strength, Eq. (3), depends linearly on both parame-
ters). In the Gnanadesikan model the corresponding
dynamical relation is substantially more complex
because it involves the thermocline feedback and
hence is for example affected by Southern Hemisphere
winds. The relative sensitivities of F,,,, however, appear
to be largely preserved (Fig. S2 shows a near linear
increase of F,, with Southern Hemisphere wind forc-
ing? QW)

For completeness, the existence of a salinity driven
AMOC state (Qn < 0) is noted for the Gnanadesikan
model (Fig. S3). Since all other transports must then be
balanced by Qpf, a substantial deepening of the ther-
mocline is required to reach that state. By substituting
On < 0 into (14) it follows that H > 965m for the
standard values. This state is very sensitive to the mean
eddy diffusion in the Southern Ocean, a parameter that
is not well constrained, in particular for circulation states
that may substantially differ from present day.

c. Coupling to the deep overturning cell

So far, this study has neglected the interaction of the
AMOC with the deep overturning cell. To fully consider
that interaction requires at least one additional box to be
included in the model, which is beyond the scope of the
present manuscript. One main idea of how the deep cell
impacts the AMOC is, however, by filling up the ocean
basins with dense Antarctic Bottom Water, thereby
squeezing the AMOC cell in the vertical (e.g., Shin et al.
2003; Jansen 2017; Sun et al. 2020). Here, the potential
impact of this mechanism on the AMOC strength and
stability are estimated, without addressing the processes
that ultimately control the depth of the AMOC cell, and
by ignoring potential impacts on the Southern Ocean
closure (e.g., Wolfe and Cessi 2014).

(Schloesser et al. 2012) present a theory and idealized
ocean general circulation model experiments, in which
the depth of the AMOC cell Hp constrains its strength
by introducing an additional factor into ky, that is

Oy = kNAsz, ky= k;VM.

Hy,

(15)
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The underlying dynamical argument is that the ther-
mocline is deepened by wave processes in the North
Atlantic in response to the meridional density gradient,
with mixing and instability processes acting against that
deepening (Schloesser et al. 2012). Parameter H,, de-
scribes the increased North Atlantic thermocline depth
and provides a measure for the strength of Rossby wave
damping, which was empirically determined for ideal-
ized experiments. Unfortunately, H,, is not well con-
strained in general, implying the following estimate
needs to be taken with a grain of salt. Assuming H), is
reduced from 3500 to 2000 m, roughly corresponding to
the change from present day to the last glacial maximum
(Lynch-Stieglitz et al. 2007), and allowing the thermo-
cline to reach twice its tropical depth, H,, = 2H (a choice
consistent with the idealized ocean general circulation
experiments reported in Schloesser et al. 2012), reduces
kn by 27%. This weakens the AMOC by 2.1Sv (11%) in
the solutions with standard parameters, equivalent to
lowering T by 2.9°C.

Compared to that of the overturning strength, the
sensitivity of threshold F,,, to squeezing is weaker than to
mean temperature. Somewhat similar to wind forcing,
the squeezing affects the dynamical relation between
overturning strength and density difference, ky, and F,,
depends linearly on kx and quadratically on @ in (9).
Specifically, the same changes in ky and T as above result
in 9% and 20% reductions in F,, in the Gnanadesikan
model, respectively. Nonetheless, this example illustrates
that, assuming (15) accurately describes the impact of the
relation between AMOC depth and strength, interaction
with the deep overturning cell can substantially contribute
to AMOC strength and variability, in particular in concert
with North Atlantic temperature changes.

5. Discussion

A link between the North Atlantic mean temperature
and the AMOC has been observed in paleoclimate
records as well as general circulation models (Sarnthein
et al. 1994; Alley et al. 1999). The present results illus-
trate how increasing North Atlantic mean temperatures
strengthen the large-scale meridional density gradient
via the cabbeling effect, thereby increasing equilibrium
AMOC strength. This mechanism could substantially
contribute to modulating AMOC and North Atlantic
temperature variability.

Paleoclimate records reveal that the occurrence of
strong, millennial-scale variability, so-called Dansgaard—
Oeschger (DO) events, is limited to cooler climates
(Dansgaard et al. 1993; Bond et al. 1999; Alley 2000;
Andersen et al. 2004). This variability, which involves
a strong AMOC reduction or shut down, has been
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associated with the existence of a maximum fresh-
water forcing threshold F,, in the Stommel model.
General circulation model studies have confirmed the
idea that the AMOC can be shut down by imposing
sufficiently large freshwater fluxes (Weaver et al.
1993; Stocker et al. 2001; Timmermann et al. 2003;
Wolfe and Cessi 2014; Menviel et al. 2014). Paleoclimate
evidence, on the other hand, does not support the hy-
pothesis that meltwater always acted as a trigger for DO
events (Barker et al. 2015; Ng et al. 2018).

The present results suggest that the magnitude of the
freshwater threshold F,,, depends on a number of climate
variables, and strongly so on North Atlantic mean
temperature. Due to the cabbeling effect, F,,, substan-
tially increases with North Atlantic mean temperature
(Fig. 4). A corollary is that the AMOC could then also
be shut down by keeping freshwater forcing and other
boundary conditions constant and applying a sufficiently
strong cooling to the ocean. Since in reality one forcing
or boundary condition will rarely change in isolation, a
more general implication is that the cabbeling effect
provides an explanation for, or contributes to, colder
climate states being more susceptible to AMOC shut-
down events.

Because of the AMOC feedback on North Atlantic
ocean mean temperature, (5), the cabbeling effect tends
to enhance AMOC and North Atlantic temperature
variability slow enough for the AMOC-mean temper-
ature feedback to be effective. Consider, for example,
the response to strengthening Southern Hemisphere
winds in an ocean general circulation model. Consistent
with the Gnanadesikan model, the associated strength-
ening of the AMOC should lead to a warming of North
Atlantic, which would cause a further strengthening of
the AMOC. The observed sea surface temperature
pattern related to AMOC strength (Zhang et al. 2019) is
characterized by general warming in the North Atlantic
that is enhanced in the subpolar region. This is consis-
tent with the present model results (note, however, that
in contrast to increasing mean temperatures, the polar
amplification provides a negative feedback to the AMOC),
suggesting that the cabbeling mechanism may be of rele-
vance for variability on multidecadal time scales.

On the other hand, a substantial increase in temper-
ature is projected for the twenty-first century together
with a decrease in AMOC strength (Weijer et al. 2020).
Likely explanations for this discrepancy include that
ocean boundary conditions change too rapidly for the
system to remain near equilibrium (Stouffer and Manabe
2003), and for the cabbeling mechanism to be over-
whelmed by changes in other boundary conditions. In
fact, some ocean general circulation models do show the
AMOC equilibrium strength increasing with temperature
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(e.g., Jansen et al. 2018), although it is not clear how much
of this can be attributed to the cabbeling effect.

The results presented in this study come with several
caveats. The models used are extremely idealized, and
lack spatial resolution and a number of processes that
have been associated with AMOC strength and vari-
ability, for example sea ice, coupling with the deep
overturning cell, or the Bering Strait. For this reason,
quantitative results have to be treated with caution, and
it cannot be deduced that the North Atlantic mean
temperature exerts a dominant control over the AMOC
strength via the cabbeling effect. Likely the real AMOC
variability is caused by a combination of different pro-
cesses acting in concert. The present results suggest, that
the contribution of the cabbeling effect may not be
negligible.
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APPENDIX A

Instability Analysis

A linear stability analysis for solutions to the Stommel
box model with Oy > 0 is preformed following Ruddick
and Zhang (1996). Accordingly, the three Eigen values
A; of the matrix A are calculated numerically, with the
matrix elements being

A = aXi Al
i a_xi7 ( )
with
aAT Vsu + V IO 3
X]E = — subp ! pQ+‘}/, AT"“y,ATf,
ot subp * trop
(A2)
oAS Vt +V b
X =_—""=_T0P SO p_ N)AS A3
? at Vtrop vsubp ( Q )’ ( )
dT Vtmp B Vsubp T -
= =__—r > + 4/ /A
’ at 2Vlrop Vsubp QAT Y ! Y " (A4)

and (x1, x2, x3) = (AT, AS, T). Parameters Virop and
Vsubt T€present the volume of the tropical and subpolar
reservoirs, and ¥ = y2VuppVirop/(Vsubp + Virop)-
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The analysis is performed assuming Viop > Viupp
(specifically Viop = 106V5ubp), thereby allowing for
maximum positive feedback in (5). The eigenvalues for
the solutions with standard parameter values are shown
in Fig. S4 and scale linearly with the total volume
Vsuop T Virop = 10> m>. The eigenvalues are all real and
negative, meaning that solutions are stable and no os-
cillatory modes exist.

APPENDIX B

Uncertainty Estimate

To estimate the uncertainty associated with model
parameter choices in the Gnanadesikan model M€ (the
increase in Qy per 1°C increase of T), M" (the increase
in Qy required to increase Qy by M?), and M* (the
increase in F required to keep Oy constant with 1°C
increase of T') for a range of parameter values. Specifically,
parameters are sampled from lognormal distributions with
the median given by the standard value and standard de-
viation for each parameter given in Table 1. Only param-
eter sets yielding an overturning strength of 15 = Oy =
25Sv are accepted. Note that while parameter values are
sampled independently, parameter values for accepted
parameter sets are no longer fully independent due to the
overturning strength criterium. With an accepted sample
size N of one million, the median and first and third
quartiles for the results are M¢ = 2.6% (2.1%, 3.3%),
MY = 40% (31%, 53%), and M* = 16.0% (12.1%,
21.7%). Results as a function of each parameter are shown
in Fig. 6.
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