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SI1: Eulerian versus residual mean overturning stream function

The residual mean mass overturning stream function (¥,, in kg/s) is the diagnostic variable rec-
ommended by the Ocean Model Intercomparison Project (OMIP) endorsed in the Coupled Model
Intercomparison Project Phase 6 (CMIP6) exercise (Griffies et al. 2016). It includes, in addition
to the Eulerian mean mass transport in the meridional plane, the eddy-induced mass transport
from parametrized subgrid-scale processes, namely the Gent and McWilliams (1990) mesoscale
parametrization and the Fox-Kemper et al. (2008) submesoscale parametrization in the CNRM-
CM6 climate model (Voldoire et al. 2019). Those mass transports quantify the contribution of
eddy fluxes to tracer advection and are as such associated with no Eulerian mean volume trans-
port. They are hardly measurable and in particular they are not included in the long-term RAPID
section of the AMOC at 26.5°N. They are not directly related to the Eulerian mean Ekman and
geostrophic transports, making any physical decomposition of AMOC more challenging.

As a consequence, we have used the Eulerian mean overturning stream function, which only
includes the Eulerian mean volume transport resolved by CNRM-CM6 model and can be com-
puted from the model’s meridional velocities. Hence it is comparable to RAPID measurements
and it formally relates to the thermal wind relation in the geostrophic approximation, which is a
requirement of our AMOC physical decomposition. We evaluate here the difference between both
AMOC definitions. Overall, the Eulerian mean (¥, Fig.1a) overturning stream function is weaker
than its residual mean counterpart (¥, /po with py = 1025kg/m>, Fig.SIla) by a few Sverdrups
over the AMOC cell of the Atlantic ocean (Fig.1). This is confirmed by the mean AMOC (Fig.1b)
which is increased by 11 to 25% south of 60°N when including the eddy-induced transport. At the
latitude of the RAPID array, it is increased by 14%, whereas at the latitudes of the OSNAP section
(52 —60°N, Lozier et al. (2017)) it is increased by 18%. However, both AMOC definitions have

an interannual correlation above 0.95 south of 60°N, thus indicating that the AMOC variability is
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mostly not eddy-driven. We conclude that the mean AMOC significantly differs in CNRM-CM6
when computed as a residual mean transport, which biases model evaluation against observations,
but that its interannual variability remains unchanged.
SI2: Depth versus density coordinate AMOC

In our study, we establish a simple diagnostic relation between the depth coordinate AMOC
(hereafter AMOC:;) variability and density anomalies at zonal boundaries of the Atlantic Ocean.
We show here that because of a zonally-varying interface depth, no such simple relation exists for
the density coordinate AMOC (hereafter AMOC). We first recall the main differences between
both AMOC definitions. The overturning circulation of the Atlantic ocean has historically been
quantified with AMOC, (e.g. the RAPID array). It is a Eulerian transport, and as such it is easily
calculated from the zonal section of meridional velocities. It dominates the northward oceanic heat
transport outside of subpolar latitudes (McCarthy et al. 2015). However, over the past two decades,
AMOC; has been extensively used for studies of the subpolar North Atlantic (e.g. OVIDE and
OSNAP arrays, Mercier et al. (2015); Lozier et al. (2019)). It is a residual mean transport because it
depends on zonal co-variations of meridional velocities and the interface depth between the upper
and lower AMOC limbs, which is an isopycnal. Therefore, it is more challenging to calculate as it
should be computed online at the model time step frequency in numerical simulations. However, it
dominates the northward oceanic heat transport at all latitudes of the Atlantic Ocean and it relates
naturally to water mass transformations in density space.

Let us illustrate the main dynamical difference between AMOC, and AMOCg in the rectangular

basin case. The AMOC transport is:

xg 0
AMOC = / / vdzdx
xw Jd

4
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with d either the constant depth z,, of maximum overturning for AMOC; or the zonally-variable
1sopycnal depth d,, (corresponding to the density o, of maximum overturning) for AMOC;. Its
geostrophic component can be expressed as an integral zonal pressure force exerted by the volume

of fluid at its boundaries:

0
AMOC, = / /vg(x,y,z,t)dzdx
XW

09P
= —dzdx
pPof /xw / :

with xw and xg the western and eastern boundaries, v, the meridional geostrophic velocity and P
the pressure. Leibniz integration formula allows to write this pressure gradient as an interior plus

an interfacial pressure force:

AMOC, = Lf /XE / sz+P(d)g—j)dx
i

- —f</dox,5 Pl = [ Pl et [ [t gid)
_ %(A( /dOsz>+AxP(d)%)

with Ax = xg — xy the basin zonal width, A(A(x)) = A(xg) — A(xw) for any function A(x) and

the overline denoting a zonal average. The first term represents the pressure force exerted by the
volume of fluid onto the solid Earth at the lateral boundaries, and will be referred to as the "lateral
pressure force”. In the general case of a sloping bottom, this term becomes a bottom form stress
exerted onto topography above the depth z,,. The second term is the so-called “interfacial form
stress”, which represents the zonal pressure force exerted at the interface d onto the underlying
fluid.

We now replace the lower depth d by the depth z,,, of maximum meridional overturning in vertical
coordinate and the depth d,,, = d(o = o,,) with o, the density of maximum meridional overturn-

ing in density coordinate, respectively. We obtain the respective expressions for the geostrophic
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component of the AMOC in depth and density coordinates:

1 0
AMOC,, = — [ APdz
“ p()f im
AMOCgy = — | A( [ Pdz)+AxP(dy) =2
g M( (] paz) + e >ax>

It appears clearly that the main difference between both formulations of the AMOC is that the in-
ferfacial form stress is a source of net meridional transport for the AM OCy and not for the AMOC;.
Indeed, because of a slanted lower boundary d,,, a net zonal pressure force can be exerted onto
the lower fluid. As a consequence of the geostrophic balance, this interfacial form stress induces a
net meridional geostrophic flow above the depth d,,,. This latter term depends on the zonal profile
of pressure at the interface, which is a function of the full zonal density section and dynamic sea
level profile, and of the zonal profile of the isopycnal interface depth. As a consequence, no simple
relation can be derived between AMOCs and hydrographic properties at zonal boundaries. This
is why AMOC4 has been discarded from our dynamical analysis, although we acknowledge its
relevance for the study of meridional heat transports and water mass transformations (e.g. Mercier
et al. (2015); Lozier et al. (2019)).

SI3: How the density anomaly profile controls the maximum overturning depth and the

thermal wind transport

Determination of the maximum overturning depth

In section 2e, we have established the depth dependency of the thermal wind transport 7W (z)
and concluded that a given density anomaly induces most AMOC,_g, transport if it occurs at the
depth z,, of maximum overturning. However, our diagnostic relation for a given depth z,, does
not predict what controls that depth. If we only consider the vertically-compensated geostrophic

AMOC,_g, transport, that depth is a function of the full vertical profile of density times either
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depth, or height above bottom. Indeed, the derivative of AMOC,_g, as a function of z, is:

—h

"1+ D) apde + [ Zapd?
2 A
/_h(—i-h)pz-l-/zmh paz

JAMOC,_y, g
8Zm pOf

_ &
pof

Zm 7 , Zm 07 , Zm
/ (1+Z)Apdz +zm(1+7)Ap—zmAp+/ EApdz —zmIAp
Zm

where we have applied the formulas for the derivatives of a product and of an integral. The first
term is the transport increase due to the increasing thickness of the upper limb, which is fully
impacted by density anomalies occurring below z,,. The second term is the transport reduction
due to the increasing barotropic compensation of baroclinic transports driven by densities above
Zm- Near surface, the first term is larger so that the transport increases with depth. Near the
bottom, the second term is larger so that the transport decreases with depth. In between, the depth
of maximum overturning is reached when both terms are equal and opposite in sign, meaning that
the transport reduction due to the upper limb densities exactly compensates the transport increase

due to lower limb densities. Mathematically, it is :

IAMOC, g,
o7m

"+ Dy apd "= ppds
“IA — =~
:>/_h(+h)pz /thpz

This relation shows that the depth z,, depends crucially on the density anomaly profile. Qualita-
tively, the larger the near-surface density anomalies, the shallower the maximum overturning and

the shallower the density anomalies that induce most upper limb transport. In the particular case
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of a constant density anomaly at all depths, we obtain :

IAMOC,_y,
e Sl lL—
0Zm
- 0
= ’+£ Z + ol 0
SIREDYA | T
—h m
h
:> — h
Im = 5

that is, a maximum overturning at mid-depth g, and therefore a maximum thermal wind transport
TW(z) induced by density anomalies at that depth.

We illustrate the dependency of the maximum overturning depth on the density anomaly profile
with Fig. SI2. Two vertically-symmetric profiles are shown with density anomalies located either
near the surface (left) or near the bottom (right). In the former case (left), the near-surface negative
density anomaly induces a positive (Northern Hemisphere) vertical shear of geostrophic velocities.
By mass conservation the vertical mean sheared velocity must cancel out, hence positive velocities
from the surface to near the base of the density anomaly, and negative velocities below. As a
consequence, the associated stream function increases from surface to the depth where sheared
velocities go to zero, and then decreases down to the bottom. The resulting depth z,, of maximum
overturning is close to the surface, near the basis of the density anomalies. Symmetrically, in the
latter case (right), near-bottom density anomalies cause a vertical shear of geostrophic velocities
and as a result of mass conservation, positive velocities from surface to near the top of the density
anomalies, and then negative anomalies below. The associated overturning stream function reaches

a maximum at a depth z,, near the bottom, next to the top of density anomalies.
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Determination of the maximum thermal wind transport

We have shown that the density anomaly profile plays a key role in determining the depth of
maximum overturning. Here we illustrate how this depth of maximum overturning, together with
the density anomaly profile, controls the thermal wind transport 7W. We recall that this thermal
wind transport, in Sv/m, quantifies the contribution of density anomalies at a given depth to the
sheared geostrophic transport above z,,, so that its vertical integral is the value of the overturn-
ing stream function at z,,,. Fig. SI2 shows that the thermal wind transport is only positive at the
depth where density anomalies occur, and that for a given density anomaly, the closer to the max-
imum overturning depth z,,, the larger TW. As a consequence, TW is maximum near the basis of
the surface-intensified density anomalies (left), and near the top of the bottom-intensified density
anomalies (right). For a given density anomaly, TW decreases linearly towards the surface and
bottom, to cancel out at both boundaries.

Fig. SI3 illustrates how for a given z,,, the magnitude of the thermal wind transport is propor-
tional to that of density anomalies. In both examples, density anomalies are located at mid-depth,
so that geostrophic velocities change sign at that depth and the resulting depth of maximum over-
turning is z,, = —h/2. The only difference is the doubling of the magnitude of density anomalies
in the second case (right) compared to the first one (left). As a result, sheared velocities and their
overturning stream function are also doubled, as well as TW(z) at the depths where density anoma-
lies occur. The maximum overturning, which is by definition the vertical integral of the thermal

wind transport, is therefore also doubled in the latter case.
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SI4: Geostrophic AMOC computation with variable bathymetry

Let us first consider a zonal section with strictly increasing topography on both sides of the
deepest bathymetry —#;. In this case, the baroclinic geostrophic transport of AMOC is insensitive
to topographic details. The only requirement is to consider at each depth the easternmost and
westernmost densities for the computation of the baroclinic geostrophic AMOC transport. Indeed,

we have:

AMOCpcy = PO f / / / dz’dxdz
Zm XW
XE ap
- pOf/ /max —h,zm) / ax( )dZ dzdx

ma)C( hyzm) 8p z 8[)
= d / / / d ’ d d
pOf xw (0 /max —h,7m) (/ h(x) ax ( ) 7+ ax(— ) —ax (Z ) Z ) zax
8 xE (0) /max(—h,zm) ap / /0 8p
+p0f e (0) < h) maX( < )ax Z+ max(—hz) ax Z X

8p
— / /
([ [ e [N ) <%acs)

where we have used the double integration rule. In the last step, we have noted that the first
integral vanishes when & < —z,,, so that integrals between xy (0) and xw (z,,,) and between xz(0)
and xg(z,) vanish and max(—h,z,) = z, between xw (z,,) and xg(zy), since h > —z,,. Finally,

reversing the order of integration and integrating zonally yields:

AMOC = d d —d d
bes p0f</hb/ * Z+/Zm/xw * Z)

0

=+ " (p(xE<z>,z> pLw(@),9))dz+ o | 2(plue(2),2) ~ plaw(2),2) ) ds
0
= +% Ap(z )dz+%f szAp(Z)dZ

with Ap(z) = (p (xe(2),2) — p(xw(z),z)>. The reversal of vertical and zonal integrals is allowed

by the assumption of a strictly monotonic batymetry on both sides of 4, which is the mathematical

10
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translation of the neglect of ridges and islands. The above expression is identical to the rectangular
basin case, but we evaluate the boundary density at the westernmost and easternmost location of
each depth, and we integrate the thermal wind relation from the deepest bathymetry 4.

The section-integrated meridional transport becomes:

W(—hy) = AMOC +/O /XE(Z) / dxd
b n E —hy, Jxw (2) vg pOf e

_ & [* 9p
= AMOCE+/ / ( “ ool ) 8x( )dz)dzdx
xe(0) 0 ap
= AMOCg +/ h(x)ve / / 7)dzd? | dx
xw (0) pOf
—  AMOCg + Ax(0)hwg(—h) + / 7)dZdx
pOf xw (0
= AMOC +Ax(0) (v (=) + vy~ /
Of hb

where Ax(0) = xg(0) —xw (0) and the overline and prime denote a zonal mean and anomaly. We
have simplified the double vertical integral and reversed zonal and vertical integral similarly as for
AMOCpcg. The term involving zonal anomalies is part of the so-called “external mode”, which is
the only explicit dependency to the reference vertical level chosen for the thermal wind integration.

It can be viewed as a projection of the barotropic (gyre) transport onto the AMOC. We finally get:

e ) = —— [ AMOCE + Ax(O)F (—h)/+i/0 Ap(2)d
Ve = = E Vg pof _th p(z)az

hAx(0)

11
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which yields the barotropic geostrophic transport of AMOC:

AMOCBTg = / / dXdZ
Zm JXW
xg (0

= / / —h)dzdx
max( hzm

= —/ 0) Vve(—h) max(—h,z,)dx

xg (0
= —l—/ h) min(h, —z;,)dx

= Ax(O)vg(—h) min(h, —zp,)

= Ax(0) <vg(—h) min(h,—z) + min(h, —zm)’vg(—h)’>

= &x(O) (— vz min(h, ) v (Y )

where 7, = —min(h,—z,;,) is the mean depth of the upper limb AMOC zonal section. Finally,

expressing v, (—h) as deduced from the no net meridional flow condition gives:

—_— O R
AMOCyry = +%’" (AMOCE—kI%f / hbzAp(z)dz) + Ax(0) (%'nh’vg(—h)’—i—min(h, —zm)’vg(—h)’>

Again, it resembles the rectangular basin case. Similarly to AMOCpgcg, the zonal and vertical
thermal wind integrations are little modified. We have replaced the factor z,,, /h by its zonal average
Zm/h, which still represents the fraction of the total barotropic transport that is located in the upper
AMOC limb. Most importantly, we have added the “external mode” which represents the zonal

covariance of v,(—h) with bathymetry and the upper limb depth:

AMOC,_ gy = Ax(0) (%”hfvg(—h)f +min(h, —zm)’vg(—h)’>

It 1s generally not null because of the existence of boundary currents that lean on topographic
obstacles, and hence non-null covariances between bottom velocity and either bathymetry or the

upper limb depth. In section SIS, we show that the external mode can be equivalently expressed

12
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as an integral corrected bottom velocity (Baehr et al. 2004) or barotropic velocity (Hirschi and

Marotzke 2007). Finally, we obtain an almost identical expression for the AMOC as in the rectan-

gular basin case, with the addition of the “external mode” (equation 19):

In the general case of a non-monotonic topography (e.g.

i Ax(0)__ g

([ ot Zp @z [ 21+ sp (o)

fh/\)g(_h)/ + mi”(ha _Zm)lvg(_h)/)

in the presence of ridges and is-

lands), the basin can be divided into a discrete number n > 1 of subbasins of strictly monotonic

bathymetry. The above AM OCpc, formulation remains valid for each subbasin of index i, with its

zonal boundaries being either closed by bathymetry or open above seamounts. The total AMOCpc,

transport becomes:

= [ Zmg [F 8 0
e Api(z)dz+ —— | zApi(z)dz
E(Pof hp pild) Pof Jzm pil2) )
Zmg [ Z
— P(sz, 2) Z p (xwi,z)
pof Ty N T, z=—h(xwi) )
0

8
+— [ z p(xEi,z) — p(xwi,z) )dz

p()f m (Z_Zh:xE ) Z_;th) )

where we have noted that densities at open boundaries cancel out, so that only bottom densities

(where z = —h(xg;) and z = —h(xw;)) affect the AMOCpc, transport. With a similar development

for the barotropic compensation of the net baroclinic flow, the AM OCgr, becomes:

AMOCpry =

T
2 ( AMOCE + -5 /
h( ET oof

Z P(XEI, )_

Z_*h xEl

Y plwi )>d>

Z—*h XW,)

+AMOCg_EM

13
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Finally, the AMOC reconstruction becomes:

L Zn Ax(())_
AMOC = (1+h)pf 8
+I%p ( /_ ot Zfz) (Z_;xEl)P(xE,, )—Z__;(XWi)P(XWi,ZDdZ
0 @
+/Zmz(1+7) Z_; p(xEiz )—2_; )P(XWU )>d1>
+Ax(0) (%h/"g(_hy + min(h, _Zm)/Vg(_h)/>

It is almost identical to the single basin case, except that instead of evaluating the westernmost
and easternmost density at each depth, all western and eastern boundary densities contribute to the
geostrophic shear AMOC transport, their number depending on depth and latitude. We evaluate
both AMOC reconstructions in SI6 to show that the single boundary definition gives an accurate
approximation of the AMOC,_g, transport in the CNRM-CM6 model.
SIS: Alternative formulations of the external mode transport

We demonstrate here that the external mode AMOC transport AMOC,_gy of equation 19 is
identical to the overturning contribution originated from bottom velocities of Baehr et al. (2004)
(their equations 11 and 12) and to the external mode resulting from barotropic velocities of Hirschi
and Marotzke (2007) (their equations 1 and 16).

The overturning contribution at the depth z,,, ¥p(z,,), originated by the bottom velocities, is

defined by Baehr et al. (2004) as:

Zm  [XE(2)
\Pb(Zm) = _/ / Vcorr(_h)dXdZ
—hy Jxw (2)
0 rxe(z) Zm 0 xg(2)
= +/ / v(—h)dxdz+r/ / v(—h)dxdz
Zm Jxw (2) h hy, Jxw (2)
2)

/O/W) (hydndz+ 2 [* [ —hydxa
ve(—h)dx z+:/ ve(—h)dxdz
Zm Jxw (2) § h J—hy, Jxw(z) §

12

14
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where we have used the no net volumic flow condition in the first step, and we have assumed,
as it is implicitly done by Baehr et al. (2004), that bottom velocities are geostrophic in order to
reconstruct a geostrophic plus Ekman AMOC transport. The second term is the contribution of the
section-averaged bottom geostrophic velocities to the AMOC, which is cancelled out by the no net
volumic flow condition. Note that we have corrected an error of sign in equation 11 of Baehr et al.
(2004), and an error in the upper bound of vertical integration in their equation 12. Reverting the

order of integration and decomposing v, (—#), h and min(z,,, h) into their zonal mean and anomaly,

we obtain:
0 pom
Wy(zm) = / / h)dxdz+ —= / / h)dxdz
xw (0 max(z XW
0
= a’x+ h X)ve(—h)dx
/ min(h,—zp) ) h xw (0) ( ) g( )
xg (0 Zm xg(0)
= / min(h,—zm)vg(—h)dx— = h(x)ve(—h)dx
xw ( h Jxw(0)
= Ax(0) ( —Zmvg(—h) +min(h,—zm)'ve(—h)' + me <h"g(_h) + h/"g(_h)l)>
= Ax(0) (m(k, ) Ve (—hY + %mh’vg(—h)’>
= AMOC, gy
defining z,, = —min(h,—z;) as in SI2. The equivalence of both formulations means that the

external mode transport resulting from zonal covariances of v¢(—/) with bathymetry or the upper
limb depth is identical to the upper limb transport resulting from bottom velocities to which the
section averaged value has been removed to ensure no net volumic flow.

The external mode transport W, of Hirschi and Marotzke (2007) (their equation 16) results
from barotropic velocities. Let us first reformulate the barotropic velocities vpr of Hirschi and
Marotzke (2007). Under their decomposition of equation 16 (equivalent to our equation 19), vpr

is not the vertical mean velocity (their equation 1), because the shear velocity vy, is expressed with

15
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a zonally-integrated compensation (their equation 12) so that it ”contain[s] a barotropic contribu-

tion” (Hirschi and Marotzke (2007), paragraph after their equation 14). As a consequence:
VT = < V> — < Vg >
= <v>-—<vpcg > + / / vBcgdzdx
xw
with <> the vertical averaging operator, and vgce = Vg — vo(—h) the baroclinic geostrophic ve-
locities deduced from the thermal wind relation (identical to ¥ of Hirschi and Marotzke (2007)).
We note that by definition:
<v> = <vg(—h)>+ <vpcg >+ <Vvg>

\%
= Vg(—h)+ <vpcg > —f'?E

with Vg the vertically-integrated Ekman transport. Therefore:

1 xe (0 Vi
- Vecodzdx + —
hAx(0) /xw /—h Bee h

Identically to our section SI4, the no net basin-scale flow constraint is:

VT = vg(—h)+

1
~ hAx(0)

ve(—h) = (AMOCE—i-Ax( YW ve(— —|—/ / vBngzdx>

Finally, the external mode AMOC transport of Hirschi and Marotzke (2007) is:

Y., = / / verdzdx
AW Y Zm
Zm xg 0
= —= —Ax(O)vg(—h)’h’—/ / vpcgdzdx —AMOCE
h xw J—h

xg 0
—= </ /hvBcgdzdx+AMOCE> + Ax(0)vg(—h) min(h, —2.,)
W —

_ Ax0) (%h’vg(—h)'+min(ha —zm>'vg<—h>'>

— AMOC, gy

16



235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

The contributions of Ekman and baroclinic geostrophic velocities to the external mode are can-
celled by that of the barotropic geostrophic velocity due to the no net integral flow constraint. As
a consequence, only zonal covariances of the latter with either bathymetry or the upper limb depth
are a source of external mode transport, without causing any net integral flow.

SI6: Sensitivity tests

Boundary definition

We have proposed in section SI4 two AMOC reconstructions under variable topography, dif-
fering only by the AMOC,_g, transport formulation. The former considers a single western and
eastern boundary, and the latter considers multiple western and eastern boundaries. The location
and depth of boundaries are displayed in Fig.SI4a-b with a single boundary, and in Fig.SI4c-d
with multiple boundaries. In the single boundary case, zonal boundaries are defined at each depth
and latitude as the westernmost and easternmost oceanic grid cell. They are mostly located in
the steep continental slopes near the coastline. Mid-oceanic ridges and the western flank of the
Caribbean archipelago are mostly neglected, as a consequence of the strictly monotonic topogra-
phy assumption. In the multiple boundary case, western (respectively eastern) boundaries are all
oceanic grid cells neighbouring a continental grid cell to the west (respectively to the east). As
a consequence, all but flat bottom grid cells are located at a zonal boundary. In particular, both
flanks of mid-oceanic ridges and islands are included in this boundary definition. In both cases,
the deepest bathymetry /;, is deduced at each latitude from the depth of the deepest boundary grid
cell.

Fig.SIS displays the Hovmoeller diagram of a) the total AMOC reconstruction and b) its
geostrophic shear contribution as a function of latitude in the multiple boundary case. Similarly to

the single boundary case, the AMOC reconstruction is able to capture the centennial AMOC cycle
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of CNRM-CMB6 both in terms of phase and amplitude. The similarity between both reconstructions
shows the dominant role of westernmost and easternmost densities in setting the AMOC,_, vari-
ability. Main differences between both definitions occur in the 10 —30°N latitude band, suggesting
some contribution of the Caribbean islands and Florida peninsula to the AMOC,_gy, variability. In
the 10 —20°N latitude band, the AMOC variability is improved and reduced with multiple bound-
aries, whereas in the 20 — 30°N latitude band, it is noisier and partly out of phase with the total
AMOC. This latter result is likely related to errors in the external mode transport reconstruction,
as it largely dominates the AMOC at those latitudes (e.g. (McCarthy et al. 2015)). It could be
related to the geostrophic assumption of bottom velocities, or numerical errors related to NEMO
model’s Arakawa-C grid.

Fig.SI6 displays the Talyor diagram of the AMOC reconstruction with a single boundary and
multiple boundaries as a function of the total AMOC averaged over latitude bands (colored sym-
bols) and its full meridional average over the 30°S — 60°N latitude band excluding the Deep Trop-
ics (black symbols). It confirms quantitatively the results found in the Hovmoeller diagram. Under
either boundary definition, the AMOC reconstruction explains most of the AMOC variance at all
latitude bands. The multiple boundary definition overperforms the single boundary one in terms of
correlation at all latitude bands but between 15 — 30°N. Overall, the westernmost and easternmost

boundary densities explain most of the low-frequency AMOC variability.

Inclusion of the external mode

The bottom currents map (Fig.2c) suggests that the external mode plays a significant role in the
total AMOC at western boundaries and in subpolar latitudes. We diagnose here the added value
of including it to the AMOC reconstruction. Fig.SI6 evaluates in a Taylor diagram the single

boundary AMOC reconstruction with (circles) and without (lower triangle) the external mode
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contribution. There is no clear added value of including the external mode to the reconstruction
of the multidecadal AMOC variability. Indeed, at all latitude bands, the AMOC reconstruction
without the external mode explains over 80% of the AMOC variance (r > 0.9), with a normalized
standard deviation within 30% of unity and a normalized root mean squared error below 0.5.
Including the external mode marginally improves the normalized standard deviation and reduces
the error of the meridional average, but this results from compensation between latitude bands
as the improvement is overall not evident. We conclude that the inclusion of the external mode
is physically motivated but it contributes marginally to the AMOC low-frequency variability in

CNRM-CM6.
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Fig. 2.
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Fig. 6.

a) Average residual Atlantic meridional overturning stream function (¥,/pg in Sv, with
po = 1025kg/m?) in CNRM-CMB6. W, represents the residual mean mass transport (in kg/s)
that includes the Eulerian mean circulation plus the parametrized eddy-driven mass over-
turning. The dashed black line shows the depth z,, = —997m of maximum overturning. b)
(top) Atlantic Meridional Overturning Circulation deduced as the depth-maximum Eulerian
mean (AMOC, black) and residual mean (AMOC,, blue) stream function, and (bottom) their
interannual correlation (r(AMOC,,AMOC)) in CNRM-CM6.

Control of the maximum overturning depth z,, by the density anomaly profile Ap(z). Two
vertically-symmetric cases are shown to illustrate how the depth where Ap(z) (blue) occurs
controls the vertical profile of the sheared geostrophic velocities (v,_g;, red), their over-
turning stream function (‘¥,_g;,, brown), the value of z,, and ultimately the thermal wind
transport (TW, green). For illustrative purposes, we assume that the overturning is entirely
determined by sheared geostrophic velocities vg_g,.

Control of the thermal wind transport 7TW by the magnitude of density anomalies. Two
cases are shown to illustrate that for a given maximum overturning depth z,,, the thermal
wind transport TW (green) at a given depth is proportional to the magnitude of the den-
sity anomaly Ap (blue). Sheared geostrophic velocities (vg_g;, red) and their overturning
stream function (‘,_g, brown) are also shown. For illustrative purposes, we assume that
the overturning is entirely determined by sheared geostrophic velocities v, .

Depth of zonal boundaries used for the geostrophic shear transport reconstruction
AMOC,_g, (shades) in the a) single and b) multiple boundary case. Bathymetric contours
are displayed in black. S

Hovmoeller diagram of the 25-year average a) AMOC reconstruction anomaly (AMOCEg +
AMOC,) and b) its geostrophic shear component (AMOC,_;,) when considering multiple
western and eastern boundaries at each latitude and depth. e e

a) Taylor diagram of the 25-year average AMOC reconstruction with single boundary (cir-
cles), multiple boundaries (diamonds), and with a single boundary when excluding the ex-
ternal mode (lower triangle), as a function of the total AMOC (star). Colors indicate the
latitude (15° average), with black symbols the full meridional average over the 30°S — 60°N
latitude band excluding the Deep Tropics (black symbols).

22

.23

24

25

26

27

28



358

359

360

361

362

363

20

16

-5000

—-6000

=20 0 20 40 60

lat
b)

154

101

— AMOC
— AMOC,

=20 0 20 40 60

1.00 A

0.95 1

0.90 1

0.851
= r(AMOC,, AMOC)

0.80

=20 0 20 40 60
lat

Figure SI 1. a) Average residual Atlantic meridional overturning stream function (¥, /po in Sv, with py =
1025kg/m?) in CNRM-CMB6. P, represents the residual mean mass transport (in kg /s) that includes the Eulerian
mean circulation plus the parametrized eddy-driven mass overturning. The dashed black line shows the depth
Zm = —997m of maximum overturning. b) (top) Atlantic Meridional Overturning Circulation deduced as the
depth-maximum Eulerian mean (AM OC, black) and residual mean (AM OC,, blue) stream function, and (bottom)

their interannual correlation (r(AMOC,,AMOC)) in CNRM-CM6.
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Figure SI 2. Control of the maximum overturning depth z,, by the density anomaly profile Ap(z). Two
vertically-symmetric cases are shown to illustrate how the depth where Ap(z) (blue) occurs controls the vertical
profile of the sheared geostrophic velocities (v¢_g;, red), their overturning stream function (‘¥ ;, brown), the
value of z;, and ultimately the thermal wind transport (TW, green). For illustrative purposes, we assume that the

overturning is entirely determined by sheared geostrophic velocities vg_ .
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Figure SI 3. Control of the thermal wind transport TW by the magnitude of density anomalies. Two cases are
shown to illustrate that for a given maximum overturning depth z,,, the thermal wind transport 7W (green) at a
given depth is proportional to the magnitude of the density anomaly Ap (blue). Sheared geostrophic velocities
(vg—sn» red) and their overturning stream function (‘¥,_;, brown) are also shown. For illustrative purposes, we

assume that the overturning is entirely determined by sheared geostrophic velocities vg_g,.
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a74 Figure SI 4. Depth of zonal boundaries used for the geostrophic shear transport reconstruction AMOC,_,

a5 (shades) in the a) single and b) multiple boundary case. Bathymetric contours are displayed in black.
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a76 Figure SI 5. Hovmoeller diagram of the 25-year average a) AMOC reconstruction anomaly (AMOCg +

s7 AMOC,) and b) its geostrophic shear component (AMOC,_;,) when considering multiple western and eastern

a7s  boundaries at each latitude and depth.
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a79 Figure SI 6. a) Taylor diagram of the 25-year average AMOC reconstruction with single boundary (circles),
s multiple boundaries (diamonds), and with a single boundary when excluding the external mode (lower triangle),
ser  as a function of the total AMOC (star). Colors indicate the latitude (15° average), with black symbols the full

sz meridional average over the 30°S — 60°N latitude band excluding the Deep Tropics (black symbols).
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