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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. Palaeo-records and simulations 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 freshwater 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 volume 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 introducing
a density-dependent parameterization for the Southern Ocean eddies. This additional degree of freedom uncoverg
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 significantly. 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 et al, 2005 Stouffer et al. 2006k Hawkins et al. 2011).

A cessation of the AMOC would have far-reaching impli-
The Atlantic meridional overturning circulation (AMOC) is cations for global climateMellinga and Wood2002 which
being considered as one of the tipping elements of the clidinclude (1) a strong reduction of northern hemispheric aif
mate systemlenton et al. 2008. While the definition by  and ocean temperaturddgnabe and Stouffe 988 Mignot
Lenton et al.(2008 is based on the idea that tipping ele- et al, 2007, (2) a reduction in European precipitation and
ments respond strongly to a small perturbation, the AMOC(3) its wind patterni(aurian et al. 2009, (4) a dynamic sea
might also be a tipping element in the dynamic sense oflevel increase in the North Atlantit.évermann et al 2005
the word (evermann et a).2012. That is to say that a Yinetal, 2009, (5) a perturbation of the Atlantic ecosystem
small external perturbation induces a self-amplification feed-{(Schmittney 2005 Kuhlbrodt et al, 2009, (6) a southward
back by which the circulation enters a qualitatively differ- shift in the tropical rain belt and associated impacts on vegr
ent state. This self-amplification is due to the salt-advectionetation Stouffer et al. 2006g and (7) a perturbation of the
feedback $tomme] 1961 Rahmstorf 1996 and has been Asian monsoon systenGposwami et al.2008.
found in a number of comprehensive ocean as well as cou-
pled climate modelsdManabe and Stouffef 993 Rahmstorf
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384 D. Ehlert and A. Levermann: Minimal overturning model

Conceptual models to capture the basic aspect of a merid-
ional overturning circulation can be divided into models in
which the overturning strength is determined by the merid- i - f
ional density difference in the AtlanticSfomme] 1961
Rahmstorf 1996 and those in which its strength is linked to
the vertical density structureGhanadesikan1999. Stom- I I

D
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mel's model captures the salt-advection feedback in a pure
form by resolving only the advection of the active tracers in || m, N my,
two fixed-size boxes representing the northern downwelling
and southern upwelling regions. The overturning strength is
assumed to be proportional to the meridional density differ-
ence which was found_to be valid in a number of ocean and-ig re 1. Schematic of the conceptual model as suggest&diiat
climate models (e.gGriesel and Morales-Maqueda006 and Levermanr(2012 and used here. The depth of the pycno-
Rahmstorf1996 Schewe and Leverman®010. The Stom-  cline D is determined by the balance between the northern deep
mel model is however missing a representation of the energywater formationny, the upwelling in the low-latitudes: in re-
providing processes for the overturning, such as the Drakeponse to downward mixing, the Ekman upwellingy and the
Passage effect and low-latitudinal mixinguhlbrodt et al, eddy-induced return flowg. Salinity is advected along with these
2007 as well as the influence of the Southern Ocean eddyiransport processes and determines together with a fixed tempera-
circulation. ture distribution the horizontal density differences. The differences
These processes are captured in a conceptual way by trfé? bghxveen low-latitudinal box and northern baxp, and_low-_
model of Gnanadesika1999 which links the overturning atitudinal and southern box\ pso, respectively. The density dif-

h ical d . fil d by th ferences, in turn, determine the northern sinking, o D2 A p, and
to t e vertical density pro ile as represgnte. y the pycny, o eddy-induced return flowse o< D A pso,
ocline depth but treats meridional density differences as a

constant. It was shown that this kind of model is not consis-
tent with the fact that the meridional density gradient indeed, 15 the northern Atlantic by the overturning as suggested by

changes with changing overturning in a number of differentg 5 mgtorf199§. This threshold behaviour has been shown
climatic conditions evermann and GrieseR004 Griesel in box models and complex climate modetu{sman et al.

and Morales-Maqued&00§. By construction it does not 5410 \weaver et a].2012 but also in observationgyden
capture the salt-advection feedback and can thereby not b& al, 2011).

used to study the possibility of a threshold behaviour of the This paper is structured as followed: firstly we describe

overturning. the parameterization of the transport processes, pycnocline

There have been a number of attempts to combine thesgy \amics and salinity dynamics, i.e. horizontal density dis-
two approaches and thereby to comprise the horizontaljy, yion (Sect.2). The transport processes include the two
tracer-advection with the vertical oniérzeion and Drange  ¢,nqamental driving mechanism&uhlbrodt et al, 2007
2008 Johnson et al 2007, Furst and Levermani2012. which are low-latitudinal upwelling\lunk, 1966 Munk and

Her"e we advance the simplest _of the s_uggested _mOqunsch 1998 Huang 1999 Wunsch and Ferrar2004 and
els Fdrst and Levermanr2019) by introducing an addi- \ying_qriven upwelling in southern latitudeSdggweiler and
tional parameterization for the Southern Ocean eddy ﬂ”X'SamueIs 1995 1998. In order to examine the behaviour
As found in a comprﬂehensive coarse lresolution ocean modelt the model we derived governing equations for the two
(Levermann and Furs2010 the horizontal scale of the . ing mechanisms separately as well as for the full case.
Southern upwelling region can change and_ negle_ctlng_th_|s]-he threshold behaviour, as describeditgmmel(1961), is
change leads fo a misrepresentation of the circulation within., ,seq by the salinity advection. For simplicity we keep the
theGnanadesika(iL999 framework. We attempt to comple- temperatures fixed throughout the paper (SBctSectiond

ment the conceptual model in order to correct for this Short'discusses the change in the AMOC with increasing fresh-
coming. TO, this end we add a vquable, m_erldlonal d_ens'tywater flux into the North Atlantic for the wind-driven case
difference in the southern Atlantic ocean in the scaling of 5, yhe full case. Also, Se@discusses the behaviour of the
the eddy-mdgced re_turn flow. As will be shown, this allows A\oc under freshwater forcing, but for simulations using
for a qualitatively different response of the AMOC under , ¢jimate model of intermediate complexity. We present our
freshwater forcing compared to earlier studies: a growth ofconclusions in Sec.
the northern deep water formation with increasing freshwa-

ter flux from low to high northern latitudes within the At-

lantic before the threshold is reached and no AMOC in the2 Model description

modelled sense can be sustained. The threshold behaviour

found here is consistent with the salt-advection feedbackWe use a standard inter-hemispheric model with four varying

in the sense of a net-salinity transport from lower latitudesboxes (Fig.1): (1) a northern box representing the northern

g my
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D. Ehlert and A. Levermann: Minimal overturning model 385

North Atlantic with deep water formation, (2) an upper low- whole Atlantic but instead is taken between low and high
latitudinal box, (3) a deeper low-latitudinal box below the py- northern latitudes in accordance with the geostrophic balange
chocline and (4) a southern box with southern upwelling andbetween the meridional density difference and the North At;
eddy return flow Gnanadesikan1999. The northern and lantic Current.

southern boxes are fixed in volume while the low-latitudinal ~ The low-latitudinal upwelling follows a vertical advection-
boxes vary in size according to the dynamically computeddiffusion balanceNlunk and Wunsch1999. That is to say,
pycnocline depth. The four meridional tracer transport pro-downward turbulent heat flux is balanced by upward advect
cesses between the boxes control the horizontal and verttion. This balance with a constant diffusion coefficient for
cal density structure on the one hand and they control thehe full upwelling region yields an inverse proportionality be-
overturning on the other hand. The density structure, in turnfween upward volume transport and pycnocline depth. Again
determines the transport processes. Changes in the verticall external parameters are expressed by one conStand
density structure are described by variations in the pycno-obtain

cline depth. The horizontal density structure is expressed by a C

southern and a northern meridional density difference. They,y = BLU£ =Y (2)
depend on the dynamics of the active tracers, temperature, b D

T, and salinity,S. For simplicity we assume a linear density  The southern upwelling term is considered to be indepen
function A p = po(BsAS —ar AT) (Stomme] 196]). Inor-  dent of the pycnocline depth and results from the so-called
der to capture the main feedback for a threshold behaviouprake Passage effeciqggweiler and Samuel$995:
while keeping the model legible, we include salinity advec-

tion and neglect changes in temperature. The simplificationy,,, — p or _ Cw. (3)
is further justified because the temperature in the upper lay- | forlpo

ers is strongly coupled to atmospheric temperature which

is to the first order determined by the solar insulation. We, \riliams (1990, which yields a tracer transport propor-

thus assume the ocean .temperature in the upper layers E?onal to the slope of the outcropping isopycnals. In the for-
be constant. The high-latitudinal boxes represent strong out:

. . . . [ati fG desika(l999 thisi ted by a lin-
cropping regions which homogenizes the water column ancgu ation ofGnanadesika(L.999 this is represented by alin

ar dependence on the pycnocline depth divided by a hor
extends the argument to depth. In steady state, the fourth bo}%ontal scale for the outcropping region which is taken to bd

geeper_ll_cr)]wilantude ;Jhcean, IS d_ete:mmgd b?{dtr;e tthhree Ethleéonstant. The assumption of a constant horizontal scale fq

OX(TSI'. a rq%aps N 3ptprOX|mat|on IS vall dor ew (t)ethe outcropping region is not consistent with freshwater host
model in equiiibrium and temperature IS used as an ex erTng experiments in a comprehensive though coarse resolutign
nal parameter. The base of our work is the modeFkyst

dL 2012, W th terizati ocean modell{evermann and Fiurs2010. Levermann and
and Levermanif2019. We use € same parameterizations Flrst(2010 show that the eddy return flow is proportional to
for the northern deep water formation and the upwelling pro-

pycnocline depth over a variable horizontal scale of the outt

cesses. For the eddy return flow we introduce a different scal cropping. Here we attempt to capture variations in the merid}

mﬁ. bﬁ’ mele:nentmgﬂsouthern mirlldlgnﬁl dgnsﬂyfo::ferenge 'ﬁnal horizontal length scale of the outcropping region by the
which has strong Infiuences on the behaviour of the Mod€l,, o igional density difference between the low-latitude ocean

The eddy return flow is parameterized followiGgnt and

=

(Sects3 and4). and the Southern Ocean,pso= ps — py. We thus use the
parameterization
2.1 Tracer transport processes
Apso D

Different scaling for the deep water formation (as summa-me = BAgwm
rized in Furst and Levermanr2012 have been suggested.
Here we use a parameterization suggestedMayotzke  As before, all quantities excef® and A pso are external

(1997 and apply g3-plane-approximation to it. The result- parameters and compressed into one consiant
ing northern sinking scales linearly with the meridional den-

sity difference and quadratically with the pycnocline depth
following geostrophic balance and vertical integration.

o H = CeApsoD. (4)

2.2 Pycnocline and salinity dynamics

The temporal evolution of the pycnocline is determined by

= &MDZ = CyApD? (1) the tracer transport equation followildarzeion and Drange
BNLY po (2008.
Because all values are external parameters (THbéxcept dD
the meridional density differenatp = py — py andthe py- ~ BLy = =my +mw —mg —mn ()
cnocline deptlD, the parameters are comprised into one con-
stantCy. In contrast to previous approaches (Rghmstorf Salinity equations for each box are derived from the ad-

1996 the meridional density difference does not span thevection in and out of the box, conserving salinity, as well ag

www.earth-syst-dynam.net/5/383/2014/ Earth Syst. Dynam., 5, 383-397, 2014




386 D. Ehlert and A. Levermann: Minimal overturning model

Table 1. Physical parameters for used for the model.

Parameter Value Unit Description
Geometry
H 4% 103 m Average depth of the Atlantic Ocean basin
B 1x 107 m Average width of the Atlantic Ocean
Ly 3.34x 10° m Meridional extend of the northern box
Ly 8.90x 10° m Meridional extend of the tropical box
Lg 3.34x 10° m Meridional extend of the southern box
Stratification
£0 1027 kgnr3 Average density of the Atlantic Ocean
So 35 psu Average salinity of the Atlantic ocean
L]yv 1.5x 108 m Meridional extent of the northern outcropping
AgM 1x 108 m2s-1 Thickness diffusivity
K 4x107° m2s-1 Background vertical diffusivity
ot 21x1074  1°c! Thermal coefficient for isobars
o kg(m3°C)~1  Product ofpg andaT
Bs 8x 1074 1psul Haline coefficient for isobars
B kg (m3psuy !  Product ofog andBg
C 0.1 - Constant accounting for geometry and stratification
External forcing
BN 2x 10711 1ms?t Coefficient forg-plane approximation in the North Atlantic
Jfor —75%x10° 1s1 Coriolis parameter in the Drake Passage
Dr 0.1 N m2 Average zonal wind stress in the Drake Passage
Fy 0.1 Sv Northern meridional atmospheric freshwater transport
Fg 0.1 Sv Southern meridional atmospheric freshwater transport
Ty 5.0 °C Temperature of the northern box
Ty 125 °C Temperature of the tropical surface box
Ts 7.0 °C Temperature of the southern box

the surface fluxesFy and Fs which represent atmospheric Table 2. Numerical solution of the model by applying the finite dif-
freshwater transport as well as the horizontal gyre transportference method on Eqsl)-(6). Equilibrium state is obtained after
The advection scheme follows the arrows shown in Eign 2000 years with a time step of 14 days and the starting conditions:
computing the temporal changes in total salinity the Change§allnltles set to 35 psu and the pycnocline depth set to 500 m.

in volume due to the pycnocline dynamics need to be ac-

counted for. Name Value

d Salinities SN 35.04 psu

d—(VUSU) =muySp +mwSs — Sy (mn + mw) Su 35.24psu
¢ Sp 35.02 psu

+ So (Fy + Fs) (6a) Sg 34.79 psu
d Tracer transports  my 17.5Sv

E(VNSN) =mnN (Su — Sn) — SoFn (6b) my 5.8Sv

p my  13.0Sv

d—(VsSs) =mw (Sp — Ss) +me(Sy — Ss) — FsSo  (6¢) mE 1.2Sv

dt Meridional density A p 1.45kgnt3

— (VpSp) = mnSy +meSs — Sp (my + mw) . (6d) differences Apso 0.82kgnr3

dt Pycnocline depth D 615m

With the finite difference method applied to Eq$)(6),
we made numerical simulations which reached in equilib-
rium the values shown in TabRwith the parameters given
in Tablel.

Earth Syst. Dynam., 5, 383-397, 2014 www.earth-syst-dynam.net/5/383/2014/
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3 Governing equation — full

-- wind—driven

Here we derive an equation for the steady-state solution of e -
- mixing—driven

Egs. O)—(6) by comprising them into one equation of the
oceanic pycnoclineD. 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
Fig. 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 cir-
culation as represented by this model. We denote a param-
eter region for which no such a physical solution exists as
an “AMO_(_:-off-state-reglon”. As in the (?arller version of the Figure 2. Trend of the governing equation for the full case (red
model First and Levermant2012 we find a threshold be-  jine) the wind-driven casen(y =0, blue line) and the mixing-
haviour with respect to an increase of the freshwater fluX,griven casery = me = 0, green line). The intersections with zero
Fy, for all three cases. The focus of this study is not to show(black dashed line) are solutions of the polynomial but those in
the existence of such a threshold of all parameter values. Buthe grey shadowed area correspond to a negative pycnocline dep

Variable Scale

-1000 -500 0 500 1000 1500 2000
Pycnocline Depth D [m]

it is to present a mechanism by which the overturning can in-Therefore they are not physical. All three cases have two posit

crease between steady states under different freshwater forgve solutions, a lower stable, physical ofie and a higher un-

ings before the threshold is reached and no AMOC can pestable or non-physical ond®. In the wind-driven case the non-
physical solution is out of range of the pycnocline but this solution

sustained. f QI -
is shown in Fig.5. For the full case the solutions ar@=616m
aAndD =1342 m, for the wind-driven case they abe=523 m and
3.1 Fullcase D = 6190 m and for the mixing-driven case they &re= 446 m and

In the full case the governing equation is a polynomial D=1985m.
of the 10th order in the pycnocline depth (Appendit,

Eq.A7). Thus solpﬂons can only be foupd numerically. Of certain amounts of freshwater forcing the negative sign of thg
the 10 mathematical roots, two are positive and real but ofroot in Eq. ) (respectively Eq8) needs to be considered, as
two adjacent solutions only one can be stable. Numerical SOfor example in the wind-driven case discussed below

lutions were obtained in two ways. First by finding the roots '

of the polynomial (AppendixAl, Eq. A7) and second by return flow becomes negative (Figh, grey shaded area) be-

time forward integration of the original set of Eq4)+(6) cause the parameterization of the eddy return flow, i.e. th

with different initial conditions. The time integration natu- ., itself, is only valid for positive vaiues. Therefore, the
rally selects the stable solutions. Though this is not a prooigy,ig; + negative eddy return flow is interpreted as a point of
bY any means, we feel confident to say thgt the SOI_Ut'Oninstability of the circulation pattern described by the model.
with D=616m is the stable of the two physical solutions ppygieajly reaching the threshold means that there is n
(Fig. 3a). The corresponding tracer transport values are pro-
yided in Fig.3b. The_northern sinking decreases with increas—-l-hus the eddy return flow does not follow the physics that
ing freshwater forcing for the parameter set of Tabldhe g jogerined by the baroclinic instability and thereby it doeg
equation for the no_rt_hern smlgng as itresults from the scallngnot follow the parameterization b@ent and McWilliams
(Eq. 1) and the salinity equations: (1990. This also establishes a qualitatively different circu-
1 ) 1, lation pattern.
mN=—ZCyDaAT i\/ZCND“OtZATZ— CyD?BFySo (7) It should be noted that also negative freshwater forcing
was applied, which might not be applicable with surface
was also valid in the earlier version of the modeli(st and  transport. However, the threshold freshwater forcing is in the
Levermann2012. Rahmstorf(199 provides a similar so-  positive range. This is also true for the mixing- and wind-
lution for the northern deep water formation witls propor-  griven case.
tionality factor between the northern sinking and the north—  Besides freshwater forcing from lower latitudes into the
south density difference: northern box only, experiments were performed with fresh;
water forcing from the lower latitudes into the southern box

mN = —%ka (Tn—Ts) £+ \/%kZaZ (Tn — Ts)? + kBFsSo. (8) and from lower latitudes into both southern and northern box|

All experiments showed the same behaviour in the overturn
In these earlier models only positive roots of the solutioning as all experiments affect the meridional density differ-
yield stable equilibria. That differs from our model where for ences in the same way.

www.earth-syst-dynam.net/5/383/2014/ Earth Syst. Dynam., 5, 383-397, 2014
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Figure 3. In steady state only one real stable solution of the governing equation of the full case exists. This solution increases under
freshwater forcinda). The tracer transport processes show different behavibiur$he eddy return flow:g decreasedy green line) until
it becomes negative and the break down of circulation is reached (grey shaded area). Also the density difference between the southern bo:

and the low-latitudinal boxA pso, crosses zero at the threshold levgldreen line). See also Fid.for explanation of the tracer transports
m and the density differences.
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Figure 4. In steady state the governing equation for the mixing-driven case has one real, stable émjutiiha threshold level is reached
(grey shaded area). Thereafter, no real solution exists. The tracer transports are upwelling in the mid latitudes and northern sinking which
balance each othemfy =my) and decrease under increasing freshwater forging

3.2 Mixing-driven case transport processes become complex. The critical northern
freshwater flux can be calculated by zero-crossing of the dis-

The purely mixing-driven case is defined By = Cy =0. criminant of the polynomial.

In this case the pycnocline dynamics in steady state Q.
reduces tony =my =Cy/D. As the eddy return flow is 3(2CNp0)1/3C5/3a4/3
eliminated from the equation, this case has not changed com&n mixing = 8850
pared to the model ofurst and Levermanii2012: the
governing equation is a polynomial of the fourth order in 33 Wind-driven case
pycnocline depth and has one physical solution which de-"
creases with increasing freshwater forcing (FM@). The  The purely wind-driven circulation is defined by, =0.

overturning decreases until a threshold level (Blg. which Thus the tracer—transport balance in steady state 3fe-

is reached when the pycnocline and therefore the traceduces tony =mw — mg into which the eddy return flow and

|AT|*? ©)
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D. Ehlert and A. Levermann: Minimal overturning model 389

the northern sinking are included as functions of the pyc- So

nocline depth and external parameters of Tablsee Ap-  ASso=Ss —Su = “Cw (Fn + Fs).
pendixA for a detailed derivation). For the northern sinking o ) .
the northern salinity difference is calculated via the salinity The salinity difference contains no variables. As the tempert
balance of North Atlantic (Ecsb) and inserted into the scal- ature dynamics are not considered in this model, the horizon
ing of the northern sinking (EdL), similarly for the eddy tal density difference between these two boxes is constant fq
return flow by using the Southern Ocean salinity balance? fixed set of parameters.
(Eq. 60). Thg emerging governing equatlon is a third or- Apso= BASso— aATso
der polynomial of the pycnocline depth which we solve

=

. S
analytically. — _’BC_O (Fy + Fs) —aATso (10)
w
D3CeCNa AT [w +aATSO] The critical eddy return flow is equal to zero. Using the def-
w inition of the flow (Eq.4) and the fact that the critical py-

5 Cé cnocline depth is far in the positive range, Efj0)(can be

+ D% CnFnSof + CnCwaAT + c2 (SoB (Fn + Fs) set to zero at the threshold level. The critical freshwater flow
W becomes:
+CWO[ATSO)2] + D2Cg[BSo (Fn + Fs) + CwaATs(] ot aATsoCw
. = S-.

+C‘%V —0 N,wind SoB

The solutions depend on the sign of the discriminant of theThe critical northern freshwater flow depends linearly on the
o 2 3 : southern temperature difference and on the southern wind
?O?:chzmlal d=(q/2)"+(p/3) with p andq defined as stress (viaCw) and a higher southern freshwater flux would

lower the critical northern freshwater flow. Please note that
g 1 (CN FnSof + CnyCwaAT + CEAZ):'; this is a significant difference to previous approachEist

= and Levermann2012 Rahmstorf 1996, where the critical

2 2 3Ceax AT A o ) o
B freshwater flow is in first or higher order (E®) sensitive to
Cw FySop + C%aAT CeCwA the northern temperature difference which has no influencg
 3CeCya2AT2A 3C§,a2AT2 onto the critical freshwater flux in this case.
Ch
L Cw ’ .
2CeCraATA 4 Freshwater-induced AMOC strengthening

P _6CwCNaAT =1  FnSof + CwaAT The introduction of the southern density difference as a varit
3 9C2a2AT? 9C2C2 a2 AT2A2 able changing the eddy return flow results in a mechanism
) SoB that has rarely been reported before: an increasing overturn-
with A = (C_ (Fn + Fs) +O‘ATSO) : ing under northern freshwater forcing prior to a threshold in
v freshwater beyond no AMOC, as described here, can be sup-
A polynomial of the third order has either one root (Ap- tained.Cimatoribus et al(2014 found a similar behaviour in
pendixA2, Eq.A2) if the discriminant is positive, or three g different box model, but under freshwater forcing from the
roots (AppendixA2, Eq. All) if the discriminant is nega-  southern into the northern Atlantic. The mechanism in the
tive which is the case for the parameters of Tableear the  model presented here is simple: a freshwater flux from low
threshold (Fig5). Only one of the three mathematical roots is |atitudes into the high northern latitudes reduces the eddy re
a physical solution of equilibrium state of the model becauserurn flow. If this reduction is not compensated by a reduc-
one root is negative (Fig, solution 1) and the other solution  tjon in mixing-driven upwelling (as for example in a mainly
has a negative northern sinking and the pycnocline valuesyind-driven AMOC), then due to continuity the northern
are out of range of the ocean depth (Fégsolution 0). No  sjnking has to increase since the Southern Ocean upwellin
physical solution exists, when the eddy return flow becomess constant. Furthermore, it should be noted that this resu
negative. At this threshold the discriminant of the governing depends on the assumption that the northern sinking,
equation has a negative pole which can be used to calculatg a function of the square of the pycnocline depth and the
the critical freshwater flux. In the following we describe a meridional density difference (see Eq_ Consequent]y, 0n|y
more straightforward way to give dependencies of the crit-sojutions of the pycnocline depth for the governing equatior]
ical freshwater flux. Assuming steady state for the salin-(see EqsA7 and A9) under freshwater forcing which ful-
ity balance of the upper low-latitudinal box (EGaequal  fjll the parameterization of the northern sinking (see Ex.
to zero, withmy = 0) and for the tracer transport balance are allowed. In general, the changes in the meridional derj
(mg +mn=mw = Cyw), the salinity difference between the sity differences are the main driver for changes in the northt
Southern Ocean and the upper low-latitudes emerges: ern sinking and the eddy return flow, i.e. the drivers for the

—~ Q
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Figure 5. In steady state only one physical solution of governing

0 1
Northern Freshwater Flux Fy [Sv]

2

equation for the wind-driven case exists. There are three real solutions

before the circulation breaks dowas, (white area) because the discriminant is negati)eThe physical branch is solution 2 (red line).

The threshold (grey shaded area) is reached when the eddy return flow becomes negativing) and the discriminant of the governing
equation has a negative pdle). The zero crossing of the discriminant, which was in the parent médes( and Levermanr2012) 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 increased( red line) and its derivative is positivd,(red line).

freshwater induced strengthening of the AMOC. Changes imd.1  Full case

the vertical density differences, implemented here as chang
in the pycnocline depth, stabilize the overturning circulation.
The mechanism of an AMOC strengthening under freshwa
ter 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 no effect for the parameters of Taltlet

it emerges if the Southern Ocean temperature difference ishnn
changed in such a way as to make the mixing less relevantiFy

(Fig. 6).

Earth Syst. Dynam., 5, 383-397, 2014
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S . . . .
In order to gain a better understanding of this behaviour, the

tracer transport processes balance in steady stat® @emgal

to zero) is differentiated with respect to the northern freshwa-
ter flux. That gives an equation for the derivative of northern
sinking:

dmg dmy

dFy  dFy’
Using the parameterizations of the eddy return flow #q.
and low-latitudinal upwelling (EqR), Eq. (L1) yields

(CU

(11)

dApso
Fy

dmy .
dFy

+ CgA 9D CeD
pz T CeArso) T — CE
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dmy aD dApso
N CeApso—— — CeD
dFy EoPSOy ey~ BT ToFy

_ e (208 (Fy + Fs) +a AT D L cepP
o
E C N S SO aFN E C

density difference could diminish the derivative. For the val-
ues given in Tablel, % ~ 1800 and D ~1000m, the

derivative is far in the positive rang% =~ 5000). In order

0.60 065 0.70 075  0.80
Northern Freshwater Flux Fy [Sv]
o o ) dm S
Figure 6. The derivative of the northern sinking with respect to <—N> = CEDCmL’B >0
freshwater forcing in the full case. The derivative is positive be- N/ crit Cw
fore the circulation collapses (white area). This behaviour is cause

by a change in the Southern Ocean temperature ffge 7°C to dI'he emerging critical derivative depends only on positive

Tg=5°C. constants and the positive critical pycnocline depth, i.e. th¢

overturning always increases close to the threshold. This rg
sult is not surprising in light of the heuristic explanation
The polynomial consists of two terms of opposing sign: thegiven above, but it is not trivial due to the still complex ver-
first term on the left depends on the change of pycnoclinetical and horizontal density dynamics.
depth (representing the vertical density structure) with in-
creasing freshwater flux. Since this derivati%i;%, is gen-
erally positive the full term is negative. The second term is

positive since the horizontal density difference in the South-1, order to investigate the possibility of the occurrence of a
ern Ocean declines whefiy is increased. The sign of the  freshwater induced AMOC strengthening in a more compley
derivative of the northern sinking is determined by the ra- ¢jimate model experiments were performed with the Univer-
tio between the two terms. Thus strongly increasing pycn-sjty of Victoria Earth System Climate Model, version 2.9
ocline depth, i.e. strong positive changes in vertical density(u\/iC ESCM). UVic ESCM 2.9 is a model of intermedi-
structure, shift the overturning to a deceasing threshold beg;e complexity, with a simple 1-dimensional atmosphere bu
haviour. If the southern meridional density difference de- 5 3_dimensional dynamic oceaWéaver et al.200% Eby
creases stronger (in absolute values), then the overturning; al, 2009. The model is forced with a constant freshwa-
rises under freshwater forcing. The crucial point is that theterflux, ranging from 0.025 to 0.2 Sv, and run to equilibrium
absolute value of pycnocline depth is present in the term withyyer 4300 years. Freshwater was transferred from the sout
the derivative of southern meridional density difference. Thatg, atlantic (10 to 30S) into the northern Atlantic (10 to
means rising pycnocline depth also amplifies the term thagee N in all simulations. The maximum overturning, aver-
depends on horizontal density structure and vice versa foéged over 1000 years, increases for a freshwater forcing ¢
the meridional density difference. A stronger statement camy 975 Sy before it declines at 0.1 Sv (see Fip.lt ceases

5 Climate model experiments

be derived for the purely wind-driven case. under a freshwater forcing of 0.16 Sv or higher (see Fg.
The AMOC strengthening is less pronounced compared t
4.2 Wind-driven case the box model behaviour. However, due to the strong dif-

L . o . ferences between the box model and UVic ESCM slightly
Upwelling in the lower latitudes amplifies the decreasing of . ; ) .

S o . different behaviours can be expected. Especially difference
northern sinking with increasing freshwater flow. Therefore, . :

. . . in the freshwater forcing and the lack of thermal feedbacks

the wind-driven case provides a better example and a clearer . . .
. . - . L in the box model lead to different overturning behaviour be-
image. Without low-latitudinal upwelling the derivative of . . . .

o ; N tween the models. In the simulations using UVic ESCM the
northern sinking (Edl1) equals the negative derivative of the
eddy return flow (ehn/dFy = —dmg/dFy). From the scal-
ing of the eddy return flow (Eg}) and the derivative of the
southern horizontal density difference (B€) the derivative

of the northern sinking emerges.

ity flux because the simulations are time dependent. In th
box model, a set amount of salinity flux is applied to one
whole box (negative in the northern box and positive in the
lower box) because instantaneous equilibrium is assume
Also, a comparison of the location of the freshwater forcing
is not straight forward because the latitudinal extension o
the boxes is not specified due to the conceptual nature of th

www.earth-syst-dynam.net/5/383/2014/ Earth Syst. Dynam., 5, 383-397, 2014

Now, solely the term depending on the negative southern

to calculate the critical derivative, we use again the fact that
the southern density difference equals zero at the threshold.

freshwater forcing is applied via a constant surface salint
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25 is of yet unclear. According to a diagnostic Rahmstorf
1 (1996, an overturning is bistable if the overturning carries a
= o0t net salinity transport at 39. This diagnostic was confirmed
2 to be valid in a comprehensive climate mod&lijkstra,
_E’ 15! 2007 and is discussed in depth biofmann and Rahmstorf
g (2009. Following this diagnostic most climate models do
£ not show a threshold behaviour in earlier studiesjthout
= 10y etal, 2011). However, in a more recent model in-comparison
% study the majority of climate models do show a threshold
s 5 behaviour YWeaver et al.2012. Also observational data in-
- dicates that the real ocean is in a bistable regiBryden
0 ‘ ‘ ‘ etal, 2011, i.e. the current circulation pattern could change
0 0.05 0.1 0.15 0.2 after reaching a threshold. It should be noted that the model

Freshwater forcing (Sv :
9(5v) presented here does not capture an “off-state” of the circu-

Figure 7. Maximum overturning for freshwater experiments with lation, i.e. describing a circulation pattern after the thresh-
UVic ESCM 2.9. Freshwater was taken out at 10 t&® S80and  old in freshwater forcing has been crossed. There are models
dumped into the Atlantic at 10 to 30 prescribing different con-  showing an inverse circulation, which is sometimes associ-
stant amounts of freshwater. For each simulation the maximumated with the Antarctic Bottom Water filling up the Atlantic
overturning is averaged over the last 1000 years of the simulationRahmstorf et a).2005 and other models show a seemingly
(blu_e curve). Each blue cross corresponds to one equilibr?um Simstagnant ocearBtouffer et al. 20068). Neither of these pat-
ulation. If the model would nqt show an AMOC strengthening, the terns would be properly captured by the physics that is incor-
ggdcﬂlrii maximum overturning would be expected to follow the -0 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 cer-
tain freshwater flux the circulation in the Atlantic cannot be

box model. Furthermore, the southern ocean is not well rep . .
resented in complex climate models, especially eddy flowsCaptured by the conceptual model and is thereby not a classic

These experiments show that an increase of the AMOC undefVerturning circulation as presently observed. ,
freshwater forcing is a possible behaviour of the overturning., | N€ main resultis the observation that the overturning can

However, further experiments would be needed to investigatdcr€ase prior to its collapse in response to a freshwater flux
the robustness of this behaviour. from low latitudes to high northern latitudes. Previous mod-

els including the base model¥ohnson et gl2007 Marzeion

and Drange2006 Furst and Levermanr2012 show the
6 Conclusion and discussion opposite behaviour, similar to the bifurcation in the initial

model of Stommel(1961). The emergence of the effect de-
The conceptual model of the Atlantic overturning presentedpends on the inclusion of Southern Ocean winds as a driv-
here builds on a previous modéli(rst and Leverman2012 ing mechanism for the overturning and the inclusion of a dy-
and advances the model by the introduction of a dynamicnamic southern ocean horizontal density difference. It thus
southern ocean density difference for the eddy return flow agloes not include in the mixing-driven case. Thus our model
imposed by comparison with comprehensive ocean model rehas opposite behaviour prior to reaching the threshold de-
sults Levermann and Furs2010. As a first result the model  pending on whether the circulation is wind or mixing driven.
reproduces the qualitative result that a threshold behaviour This has strong implications for potential monitoring sys-
is a robust feature that is independent of the driving mechtems that aim to detect the vicinity to the threshold. Meth-
anism, i.e. it is present in mixing a wind-driven as well as ods that depend on the decline of the overturning prior to
in a combined case. The regime of existence of a solutiorthe threshold for example in order to detect an increase in
for the overturning for a specific parameter combination isvariability might not be suitable in a situatiobgnton 2011,
defined by the simultaneous compliance of a number of conScheffer et al.2009 in which the presented mechanism is
ditions, e.g. positive volume fluxes and pycnocline depth. Inrelevant. However, applicability of these findings for moni-
the presented model the threshold is generally reached whetoring purposes are limited as the presented results refer to a
the eddy return flow becomes negative. Similar to the pre-system in equilibrium, and not a time dependent state as we
decessor of the model also here the threshold is associatesbe under current global warming.
with the salt-advection feedback. As suggeste&bfimstorf Whether the mechanism described here is dominant in the
(1996, a threshold thus only exists when the salinity in the real ocean is beyond the scope of this paper. This study
low-latitude box is higher than in the northern box. This is presents the physical processes which need to be investi-
the case here (see Tale Whether the real ocean is in a gated with comprehensive quantitative models and verified
bistable regime and thereby exhibits a threshold behaviouagainst observation in order to assess its relevance. Though
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a large number of so-called water hosing experiments have
been carried out (e.¢flanabe and Stouffel 995 Rahmstorf

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 under 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 northern Atlantic.
However, this behaviour is not strongly pronounced. Thus
further experiments are needed in order to find whether the
mechanism is indeed relevant for the real ocean.

www.earth-syst-dynam.net/5/383/2014/
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Appendix A: Analytical calculations The governing equation of the pycnocline depth emerges
by using Eq. A6) and replacing the eddy return flow by

Al Full case mg=my +mw —mn, m by Eq. A2), and the upwelling
transport processes;y andmw, by their scaling (Eqs2

The salinities are exchanged by salinity differences be
tween the boxes except the salinity of the northern box.
The new salinity variables are defined A = Sy — Sy, DYOCC Cw C2 a2 AT2

. E a“AT“[SoB (Fn + Fs) + CwaATso
ASp =Sy — Sp, ASso=Ss — Sy, andSy. The salinity bal- UrWwEN [Sof (v + Fs) + Cw ]
ance of the northern box gives for the northern salinity +D9CN0!AT[CECW (C%/JrCECUaATSO)

and3).

difference:
(FnSoB + FsSoB + CwaATso)
SoF’
AS=-— ;’1 Al (A1) +CyCn (c%VFNSoﬁ + C3a AT 4 2CeCyCywa® AT ATso
N

The scaling of the northern sinking (Ed) with the +CeCuSoaf (FsAT + Fy ATs0))]

linearly scaling of the meridional density difference 4+ p8 [cécﬁ, (FnSoB + FsSoB + CwaATso)?
Ap=BAS—aAT and Eqg. Al) yields a quadratic poly-

nomial ofmy. +c3c2 (FI%,S(%,BZ +3Cw Fy SoaBAT + a2 AT?
0=m2 +mnCyD?aAT + Cy D2BFySo (A2) (3C$V+cEcUaATso)) Y Cy (C;‘VFNSOﬁ+C$VaAT
It yields the following solution: +CeCyCE SoaBAT (3Fy + 4Fs) + 6CeCy C3a? AT ATso

+ CECZ Soa®BATso(FsAT + Fy ATso) + 2CeCy Cw

1 2
mn = —=Cy D% AT
2 (—F8 5362 - Fy Fs 367+ CeCua®ATATE) )|

1
+ \/chz\fD4azAT2 — CnD?BFy So. (A3) 4+ p7 [chcf;aAT (2Fy SoB +3Cwa AT) 4+ 2CeCy

The salinity balance of the upper box can be used to calculat€ Fy So8 + FsSoB8 + Cwa ATso) (C3W +CeCyFs Soﬁ)
ASp:
+2CeCy CwaATso+ CyCy (4CF, Fy Sob +6CHaAT

mw So
ASp = —2 ASso+ AS + — (Fy + Fs). A4
D=, 080t +mu( N+ Fs) (Ad) +12CECUC$V042ATATSO+CECU(—ZFNFSSS,BZ—i—CECUas))]

The salinity balance of the southern box combined with ATATSZO> + CECyCw Soaf (5BFsAT + 2Fy (AT + ATso)
Eqg. (A4) results into an equation for the southern salinity

difference. +D[C§, +2Cy € (CeSop (3Fy +4Fs) +TCy CuaAT)
mw (Fy + Fs) +myFs (A5) +10CECy Cya ATso+ 2CeCE Cwa ATso(CESoB

2
iy T+ mwmy + memy (Fy +3Fs) +5CyCyaAT) + C4C2, (TCy Fy Sof

The _scaling _of the eddy return _flpw (Edp, t_he I_inear +6C,§a2ATSZO) +c? (CéFszSg,B2+C12\,C[2]a2AT2
density function for southern meridional density difference
(A pso= B ASso— a ATso), and Eq. A5) can be collapsed ~ +2CeCnCySoaf (FsAT + Fy ATso))] + D°Cy

into a quadratic equation fatg. [6Ca, +2Cy C2, (3CeSof (Fy + 2Fs) + 8Cy CyaAT)

ASso=—50

Fy+F F
0=me+ CEDﬂSomVZV( v+ Fs) +mufs +20CECy C3 0 ATso+ CECEa ATso(2CE FsSop
myy + mwmy +mgmy 2 2 2572
+ CeDaATso (a6)  FICNCUaAT)+2C]Cy (3Cw FiSop +2CEa? AT, )|
4 ~2 4
It yields the following solution: +D°Cy [15Cw + CyCw (2CeSop (Fy +4Fs) +9CnCuy
L2 QAT) +20CeCy ChaATso+ Cf (20 Fy Sop + CEa®
mg=— = W +mw + CeEDaATso
2\ my ATE) |+ D32C [10CF, + CuCeFsSop + CnCRaAT

2 2
1 (m—W Fmw +CEDaATso> — CeDBSo (m—w (Fy+Fs)+ Fs> +5CeCy CwaATsqg] + DCY, [15C‘%v + ZCECUWATSO]

4\ my my

—CgDaATso (ﬂ +mw> ' + D6C(5/CW + CS =0 (A7)

my
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A2 Wind-driven case For a negative discriminant there are three real solutions.

For a wind-driven overturning, the upwelling in the lower
latitudes equals zero by settirt@, to zero. Thus the tracer p, —» [P cos }arcco __ %
transport balance in steady state (Egqual to zero) reduces 3

to my = mp + mg. Differences in salinity are defined as in

2p —%

the full problem and the salinity balance in the northern box _ CnFySop +CnCwaAT
is the same as in the full problem. Therefore E4d.)-(A3) 3CECna AT (% (Fy + Fs) +aATso)
are valid. Using the salinity balance of the southern box, )
in this case the southern salinity difference reduces to the Cé(% (Fy + Fs) +aATSO>
following: + SoB
Sop
As So(Fy + Fs) 3CECN05AT<CW (FN+F5)+05AT50)
so=——"—. 2
mwy CNFNSoﬂ+cNCWaAT+C,§(%’j (FN+F5)+aATso)
The gddy return flow is then represented by the following 3CECWAT(?J(FN+FS)+&ATSO>
equation: w
So (F F 1 2
mg = —CED,BM —aATsoCgD. (A8) Dy =2 _b cos| —arccoy — 3 + =7
Cw V 3 3 op /2] 3
By replacing the northern sinking with Ep8) and the eddy
. . CnFnS CnCwa AT
return flow with Eq. A8) in the tracer transport balance, the — NN Soﬁ tinCwa
governing equation of the pycnocline depth emerges. 3CeCna AT (C%f (Fy + Fs) +ozATso)
So (F, F. 2
D3CECNOKAT [w +OKATSO:| Cé(% (FN+F5)+(XAT30>
w +
) Cé 3CeCna AT (% (FN+FS)+O£AT30)
+D CNFNSO,B-FCNCWO[AT-F—Z(Soﬂ(FN+F5) )
Cyy CNFNSOﬁ+cNCWaAT+C§<§va (FN+F5)+aATso)
+Cw0tATso)2] + D2Ce[BSo (Fn + Fs) + CwaATso] 3CeCNa AT (% (Fy + Fs) +aATgo>
2 _
=0 " D3=2 P cos 1arcc:o 3 + 4
The solutions of the polynomial depend on the sign of the 3= 3 3 2p /-2 3"
3

discriminantd = (¢/2)% + (p/3)® with p andg defined as
follows: CnENSoB+CnCwaAT

3CeCyaAT (% (Fy + Fs) +OlATso)

3
g 1 (CNFNSoﬁ+CNCWaAT+C,§A2>
2

) 3Cea AT A

2 ( SoB 2
Cg (m (FN + Fs) +aATsO>

2 +
- ngii?iatfyfAAT - 35552‘2?2 3CeCyaAT (% (Fy + Fs) +05ATSO)
c?, | CFuSop+CnCwanT +CE(BE (Fy + Fy) +ozATso)2 AL
2CeCyaATA 3CeCNaAT (L (Fy + Fs) +ATso)
p _6CwCNaAT —1  FySoB+ CwaAT
37 9C202AT?2  9CEC2a2AT?A2

with A = <% (Fy + Fs) +OlATso) .
Cw

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

) S
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