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ABSTRACT

A toy model for the deep ocean overturning circulation in multiple basins is presented and applied to study
the role of buoyancy forcing and basin geometry in the ocean’s global overturning. The model reproduces the
results from idealized general circulation model simulations and provides theoretical insights into the
mechanisms that govern the structure of the overturning circulation. The results highlight the importance of
the diabatic component of the meridional overturning circulation (MOC) for the depth of North Atlantic
Deep Water (NADW) and for the interbasin exchange of deep ocean water masses. This diabatic component,
which extends the upper cell in the Atlantic below the depth of adiabatic upwelling in the Southern Ocean, is
shown to be sensitive to the global area-integrated diapycnal mixing rate and the density contrast between
NADW and Antarctic Bottom Water (AABW). The model also shows that the zonally averaged global
overturning circulation is to zeroth-order independent of whether the ocean consists of one or multiple
connected basins, but depends on the total length of the southern reentrant channel region (representing the
Southern Ocean) and the global ocean area integrated diapycnal mixing. Common biases in single-basin
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simulations can thus be understood as a direct result of the reduced domain size.

1. Introduction

By controlling the oceanic uptake and abyssal storage
of atmospheric heat and carbon, the global ocean me-
ridional overturning circulation (MOC) plays a central
role in Earth’s climate. Changes in circulation and strat-
ification affect the ventilation rate of the deep ocean and
may have played a key role in explaining the observed
swings in atmospheric carbon dioxide concentration
between glacial and interglacial periods (e.g., Brovkin
et al. 2007; Adkins 2013; Watson et al. 2015; Marzocchi
and Jansen 2019). Proxy data of the Last Glacial
Maximum (LGM) suggest that the volume occupied
by the lower cell of the MOC expanded significantly

Z Supplemental information related to this paper is available at
the Journals Online website: https://doi.org/10.1175/JPO-D-20-
0034.s1.

Both authors contributed equally to this work.

Corresponding author: Louis-Philippe Nadeau, louis-philippe_nadeau@
ugar.ca

DOI: 10.1175/JPO-D-20-0034.1

compared to its present day value (Curry and Oppo
2005). This, combined with potential changes in air—sea
gas exchange due to increased sea ice cover (Stephens
and Keeling 2000) or modulations in the efficiency of the
surface biological productivity (Sigman and Boyle 2000)
likely led to the observed draw down in atmospheric
CO; during the LGM. Yet, the oceanic storage of at-
mospheric tracers critically depends on how tracers are
distributed in each ocean basin, which is in turn con-
trolled by the three-dimensional trajectory of the cir-
culation in the global ocean. Despite recent theoretical
advances on how the zonally averaged global circulation
responds to external forcing, many open questions re-
main on how the MOC connects between the ocean
basins through the circumpolar channel. Here, we aim to
improve our understanding of this multibasin circulation
and its relationship to theories that have been developed
in the single-basin context.

To illustrate what is meant by interbasin exchange and
how this impacts the abyssal ventilation rate, we show in
Fig. 1 the main possible pathways (or circulation “modes”)
of a simplified two-basin ocean, where the bottom two
circulation patterns can be thought of as arising from
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FIG. 1. Possible overturning pathways in a two-basin ocean: 1) adiabatic upper cell, 2) diabatic lower cell, 3) conveyor belt, 4) full
diabatic overturning, and 5) figure eight. (left) Sketches of the streamfunction separated into the Indo-Pacific and Atlantic basins, where
the Indo-Pacific has been mirrored to illustrate the connection via the Southern Ocean (i.e., north is to the right in the Atlantic but to the
left in the Indo-Pacific). (right) The resulting global mean overturning streamfunction. Notice that the pathways in 4 and 5 can be
constructed from a superposition of the circulation modes 1, 2, and 3. The dotted red lines in 1-3 and the dotted blue lines in 2 and 3 cancel
each other in the superposition. The blue and red arrows at the surface indicate a negative and positive surface buoyancy flux, respectively.
The circulations in the Atlantic interior and in the Southern Ocean are assumed to be adiabatic in this simplified schematic.
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superpositions of the first three modes [which in turn are
similar to the pathways discussed by Ferrari et al. (2017)].
The left panels show a latitude—depth schematic of the
MOC spanning the Indo-Pacific, the Southern Ocean
(SO), and the Atlantic. The corresponding globally inte-
grated circulation is shown in the right panels. To simplify
the discussion, we focus on a unique zonally symmetric
channel sector connected to two basins to the north. We
also assume that diapycnal processes are limited to the
three following regions: the Indo-Pacific, the surface of the
Southern Ocean, and the Atlantic deep water production
region. The circulation in the interior of the Atlantic basin
and in the Southern Ocean are for now assumed to be
adiabatic. [Diabatic overturning contributions within these
regions may be important in some cases (e.g., Sun et al.
2018) and could be added as additional circulation modes,
but are neglected here for simplicity.] Two isopycnal
surfaces are key to define the circulation modes: (i) the
buoyancy by, which marks the division between positive
and negative buoyancy fluxes at the surface of the Southern
Ocean-like channel, and (ii) the buoyancy byapw, Which
marks the minimum buoyancy of North Atlantic Deep
Water (NADW). As we explain below, the interval
bo > b > bnapw defines the range of overlapping
buoyancies between the Atlantic upper cell and Indo-
Pacific lower cell. Any transport in this range implies an
interbasin exchange.

The first row of Fig. 1 shows the adiabatic ““upper cell”
circulation mode (e.g., Toggweiler and Samuels 1998;
Wolfe and Cessi 2011), for which there is a pole-to-pole
compensation between negative surface buoyancy fluxes
in the North Atlantic and positive surface buoyancy
fluxes in the Southern Ocean. Water that sinks at
buoyancy b = byapw in the North Atlantic upwells
adiabatically at the surface of the channel, north of b.
Thus, in this scenario, byapw = bg and this adiabatic
upper cell exists only in the Atlantic. The second row of
Fig. 1 shows the “lower cell” circulation mode (e.g.,
Nikurashin and Vallis 2011), for which negative surface
buoyancy fluxes around Antarctica (blue arrow south of
bp) are compensated by diapycnal mixing and ultimately
surface buoyancy loss in the Indo-Pacific (Newsom and
Thompson 2018). By definition, no transport overlap
can occur between the two first modes, as the upper cell
and lower cell only exist above and below b, respec-
tively. In a globally integrated perspective, the super-
position of the first two modes corresponds to the
standard picture with two distinct cells stacked on top of
each other.

The situation, however, gets more involved if we
consider a third circulation mode, which resembles
the ““‘conveyor belt”” of Broecker (1991) (third row of
Fig. 1). This circulation mode involves no water mass

NADEAU AND JANSEN

2107

transformations at the surface of the channel. Instead
NADW in the range b > byapw flows into the Indo-
Pacific via a geostrophic interbasin transport resulting
from the isopycnal height difference between the two
basins (e.g., Jones and Cessi 2016; Ferrari et al. 2017).
Diabatic upwelling in the Indo-Pacific basin then trans-
forms this former NADW into lighter water that flows
back to the Atlantic, thus closing the conveyor belt loop.
The resulting overturning circulations in the Indo-Pacific
and Atlantic in this case are part of a single interbasin
overturning cell, where buoyancy loss during deep water
formation in the North Atlantic is balanced by diffusive
buoyancy gain in the Indo-Pacific. The globally inte-
grated MOC corresponding to this mode yields a single
diabatic upper cell (middle-right panel).

The superposition of the diabatic lower cell and con-
veyor belt modes gives the ““full diabatic” circulation, an
example of which is shown in the fourth row of Fig. 1. In
this scenario, NADW in the range by > b > bnapw
upwells adiabatically at the surface of the channel, south
of by. Exposed to negative buoyancy fluxes, this former
NADW is transformed into denser water that fills the
bottom of the Indo-Pacific (e.g., Lumpkin and Speer
2007; Talley 2013). Diapycnal mixing in the Indo-Pacific
allows for the upwelling of this water above the isopycnal
bo before returning back to the North Atlantic (for the
specific superposition chosen here, the dotted blue lines
in modes 2 and 3 cancel each other to yield a single lower
cell in the Indo-Pacific). The globally integrated MOC
corresponding to this fourth pathway yields a lower
cell in addition to a diabatic upper cell, but unlike in
the superposition of modes 1 and 2, the two cells are now
directly coupled. In the globally averaged picture this
coupling remains evident in the existence of shared
buoyancy classes between the upper and lower cell (i.e.,
the range by > b > bnapw)-

The bottom row of Fig. 1 shows the “figure eight”
circulation, as sketched in Ferrari et al. (2014), which
can be viewed as a superposition of all of the first three
modes. The figure eight is thus a combination of diabatic
and adiabatic pathways. It differs from the full diabatic
pathway only by the upper branch of the Atlantic MOC
(AMOC), which connects adiabatically to the surface of
the channel, where it is exposed to positive buoyancy
fluxes north of by. (Notice that the dotted red lines in
modes 1 and 3 cancel each other.) The globally inte-
grated MOC again yields two coupled cells with shared
isopycnals, and the mixing rate between the two cells is
expected to be significantly enhanced.

It is worth noting that the overturning patterns in the
last two rows of Fig. 1 describe the overturning from a
basin-integrated perspective, which is not necessarily
representative of the specific trajectory of an individual
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water parcel, which is affected by the zonal structure
of the circulation within the basins and the Southern
Ocean. In practice, the meandering ACC, horizontal
gyres, and mesoscale eddies are likely to cause sub-
stantial stirring, which will lead to a divergence of parcel
trajectories. Nevertheless, we believe that the distinct
overturning pathways in Fig. 1, and in particular the
existence or lack of shared isopycnals between the upper
and lower overturning cell, play an important role in
governing the transport and distribution of tracers in
the ocean.

In practice, the various pathways of Fig. 1 coexist to
explain the observed MOC. According to the Estimating
the Circulation and Climate of the Ocean (ECCO) state
estimate, about half of the AMOC at 30°S closes onto
itself through the adiabatic upper cell mode (Cessi 2019).
The remaining half is coupled to the lower cell through
interbasin exchange via a diabatic pathway. In other
words, the present-day AMOC can be viewed as a su-
perposition of an adiabatic upper cell and a diabatic
extension that loops through the Indo-Pacific either di-
rectly or indirectly through water mass transformations
at the surface of the Southern Ocean. This diabatic ex-
tension is believed to have significantly weakened dur-
ing the Last Glacial Maximum, leading to a shoaling
of the AMOC. There exists a wide consensus that the
buoyancy contrast between Antarctic Bottom Water
(AABW) and NADW plays a key role in controlling the
AMOCs strength and depth (e.g., Jansen and Nadeau
2016; Jansen 2017; Nadeau et al. 2019; Sun et al. 2020;
Baker et al. 2020). An objective of this study is to better
understand what controls the partitioning between cou-
pled and uncoupled modes of circulation, and how this
explains the resulting overturning in each basin as well as
its global average.

The conveyor belt mode, which is key to the interbasin
exchange, has been the focus of recent studies using
different versions of an idealized two layer model (e.g.,
Jones and Cessi 2016; Cessi and Jones 2017; Ferrari et al.
2017). The model captures the essential characteristics
of the direct interbasin exchange and compares well
with the results of an OGCM. Yet, such models cannot
reproduce the figure eight pathway, which requires at
least three layers (i.e., two pycnoclines). Thompson et al.
(2016) consider a four-layer model and show that a
continuous transition from an uncoupled circulation
with two distinct cells to the figure eight pathway can be
achieved by decreasing NADW production (assuming
a fixed AABW production). However, results are some-
what limited by the externally prescribed NADW pro-
duction rates and the discrete layer representation,
where the buoyancy classes associated with the different
water masses are fixed. In practice, a change in NADW
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production as a result of reduced surface buoyancy loss
would likely also increase the buoyancy of NADW, thus
possibly reducing the transport overlap with the lower
cell in the Southern Ocean, rather than promoting it.

To circumvent issues related to the discrete nature of
the layer representation, Jansen and Nadeau (2019,
hereafter JN19) recently developed a multicolumn
toy model for the meridional overturning circulation,
which uses multiple vertically continuous one-dimensional
buoyancy profiles in key regions of the domain. In these
regions, the model solves predictive residual advection—
diffusion equations that are coupled to each other using
diagnostic relationships for the residual overturning
circulation. Using a simplified configuration, JN19 show
that the toy model results reproduce those from an
OGCM for the transient response to surface warming.
While JN19 focus on a simplified one basin configura-
tion, the model will here be adapted to explore the
sensitivity of the partitioning between coupled and un-
coupled circulation modes in a multibasin setup.

This study is organized around three main objectives.
First, in section 2, we extend the model of JN19 to
include a second basin, thus allowing for interbasin ex-
change and overlap between the two cells of the MOC.
In section 3, we then investigate the effect of AABW
density and diapycnal mixing on the overlap, comparing
the results of the toy model with those of a general cir-
culation model (GCM) with an idealized two-basin ge-
ometry. We introduce a decomposition of the Atlantic
meridional overturning into an adiabatic component
(uncoupled mode) and a diabatic component (coupled
mode). We illustrate that the coupled mode weakens
with the buoyancy contrast between AABW and NADW
and strengthens with increased vertical diffusivity. To
assess the relationship between our results and previous
single-basin theories, we finally evaluate the sensitivity of
the MOC to basin geometry in section 4, before a closing
discussion in section 5.

2. Multicolumn model for the MOC

In this section we will briefly review the multicolumn
model of JN19 and describe its extension to a multiple
basin configuration. The general structure of the model is
such that predictive one-dimensional diapycnal advection—
diffusion equations for the buoyancy structure in the
basins are coupled via diagnostic relationships for the
residual overturning streamfunction.

Figure 2 illustrates the model geometry employed
in this study as a latitude—depth schematic of the MOC.
The schematic is centered on the Southern Ocean, with
the Atlantic and Indo-Pacific oceans extending north-
ward to both sides. The model solves for the vertical
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FIG. 2. Schematic of the two-basin column model in a depth-latitude space. The equations solved in the different
marked regions are summarized in section 2. The ribbons and associated arrows represent an example circulation.

buoyancy profiles in three different regions: (i) the
North Atlantic deep water formation region (labeled
1N), (ii) the Atlantic basin interior (labeled 1A), and
(iii) the Indo-Pacific basin interior (labeled 1P). Each
of the three vertical buoyancy profiles is represented
by a residual-mean advection—diffusion equation de-
scribed in section 2a. The wind- and eddy-driven me-
ridional overturning streamfunction in each sector
of the channel region is computed as described in
section 2b (box 2A/2P in Fig. 2, for the Atlantic and
Indo-Pacific sectors, respectively), while the overturning
streamfunction connecting the Atlantic regions 1N and
1A (box 3 in Fig. 2), as well as the Atlantic and Indo-
Pacific basins (box 4 in Fig. 2), are computed using a
thermal wind argument described in section 2c.

a. 1D advection-diffusion for the basins

The buoyancy structure in the basins (regions 1A/IN/1P
in Fig. 2) evolves according to a residual-mean advection—
diffusion equation:

Region1:9 b b

~ 1l
Daney ™ “Wan,IPunr

to, (Keffazb(A,N,P)) (+conv). (1)

Here w' = wi(b(z)) is the net residual upwelling across
the buoyancy surface b(z), which will be computed from
the isopycnal overturning streamfunctions, as discussed
in section 3d, and k. is an effective diapycnal diffusivity
profile, which represents the area integrated diffusivity
along the isopycnal surface b(z), normalized by the area
of the basin (see JN19 for details and derivation). Since
the area of isopycnal surfaces is reduced in the bottom
boundary layer and vanishes toward the largest density

classes, kegr is tapered to zero over the bottom boundary
layer. As discussed in JN19 the vanishing of k. at the
bottom is important to avoid an implied buoyancy
flux into the bottom boundary. Outside of the bottom
boundary layer, x.¢ decreases upward, following a hy-
perbolic tangent profile. Since k¢ represents an average
diffusivity along isopycnal surfaces, we choose a profile
that is slightly smoother than the depth profile that will
be applied in the GCM simulation (Fig. 3b).

The last term in Eq. (1) represents a convective
adjustment, which is applied for the North Atlantic
column (1N in Fig. 2). Convective adjustment is applied
as an immediate restoring to a minimum stratification
N2, =2x10""s"2, while keeping the buoyancy at the
bottom of the convective depth range fixed at a pre-
scribed value, bymin, Which represents the minimum
surface buoyancy in the North Atlantic.

b. Circulation in the circumpolar channel

The meridional residual circulation in the Southern
Ocean channel (region 2 in Fig. 2) is computed as the
sum of the wind- and eddy-driven overturning circulation,
following a number of previous studies (Marshall and
Radko 2003; Nikurashin and Vallis 2012; Marshall and
Zanna 2014). Specifically, we here compute the wind-
and eddy-driven contribution to the streamfunction at
the southern end of each basin as

T

pofs

where L4 p)is the zonal length of the Southern Ocean
sector associated with the corresponding basin, and
sa,p) = {Ly — ys(b(2))}/z is the mean isopycnal slope,

Region2: \PZ(A,P)(Z) =L 4p) < + KS(A’P)) , (2)
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FIG. 3. (a) Geometry used for the GCM simulations; black shaded areas represent landmasses, and color shading
indicates seafloor depth. (b) Diapycnal diffusivity profile used for the GCM and toy model. The solid line shows the
full diffusivity profile, as used in the GCM, while the dashed line shows the effective diffusivity used in the toy model
(see text). (c) Surface buoyancy restoring used in the GCM and toy model and (d) surface zonal wind stress profile

used in the GCM.

with {L, — y4(b(z))} the meridional distance between
the surface outcrop location of the isopycnal b(z) and
the northern end of the ACC. We prescribe a zonally
symmetric surface buoyancy profile over the Southern
Ocean, but allow for the depth of isopycnals to differ
between the Atlantic and Indo-Pacific sector, which
yields two different isopycnal slopes and correspond-
ingly different overturning streamfunctions in each
sector. The term 7 is the zonal wind stress, which, for
simplicity, is assumed to be constant.

Notice that Eq. (2) provides only the wind- and eddy-
driven overturning. Since we are treating each sector
separately, we generally expect an additional geostrophic
transport contribution associated with the zonal pressure
contrast across the sector. We will address this contribution
separately below.

Rather than considering two separate Southern Ocean
sectors, Ferrari et al. (2017) assume a single zonally
symmetric Southern Ocean, which connects to the ba-
sins via the western boundary of the Atlantic. The as-
sumption that transport into both basins is via the
Atlantic western boundary is not well justified in our

simulations (not shown), and an implementation of
this approach in our model leads to results that
overall match the GCM simulations somewhat less
well; although both approaches yield qualitatively
similar results.

c. Geostrophic exchange between the columns

Following Nikurashin and Vallis (2012) the over-
turning circulation in the North Atlantic (region 3 in
Fig. 2) is computed using a thermal wind argument:

Region3:9_Wi(z) = —f;'[b,(z) = by(2)].  (3)

The same relationship is also applied for the exchange
between the Atlantic and Indo-Pacific basin (region 4
in Fig. 2):

Region4:9_Wi(z) = —f, '[b,(z) = bp(2)].  (4)

Notice that Eq. (4) describes the difference in the baro-
clinic zonal transport between the Indo-Pacific and
Atlantic sectors of the ACC, which in turn is assumed
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FIG. 4. Sketch indicating the zonal exchange between the two basins through the Southern
Ocean channel of the toy model. Deeper isopycnals (indicated by the black dashed line) in the
Indo-Pacific vs Atlantic sector imply a stronger baroclinic zonal flow. The mass budget is
closed by a baroclinic overturning in and out of the basins along the western boundaries of the
continents. Notice that the barotropic (i.e., vertically integrated) zonal flow (which has to be
equal in both sectors) has here been chosen arbitrarily for illustration purposes. The model
does not predict the barotropic circumpolar flow component, nor do the results for the over-

turning depend on it.

to be balanced by a meridional geostrophic overturning
entering and exiting the two basins along the western
boundaries (see sketch in Fig. 4). The thermal wind
relationship in Eq. (4) can be viewed as a continuous-
coordinate analog to the relationship used for the in-
terbasin exchange in the two-layer model of Ferrari et al.
(2017)." The boundary conditions for W and W are
Wi, (z=0)=V¥;,(z=—H)=0, as we assume no net
mass transport between the regions.

The residual advection—diffusion equation in (1)
requires the isopycnal overturning transport, while
Egs. (3) and (4) provide an estimate of the z-coordinate
transport. To compute the isopycnal overturning stream-
functions, ¥3 and W} are mapped into buoyancy space
assuming that any transport at depth z occurs at the
buoyancy of the respective upstream column:

0
v, (b) = J_Haz\lfg,4(z).7//(b b, (2))dz, where

bN/P(Z)’ if azw§/4(2)>07
b, (2) = ®)
by(2), if 9 ¥5,(z)<0.

! The assumptions for the zonal exchange are also related to
those of Thompson et al. (2016), although their model appears to
assume that the ““baroclinic’” flow in each layer, defined as the flow
relative to the bottom layer, is proportional to the slope of the
interface immediately underlying this layer. This differs somewhat
from the thermal wind prediction, according to which the bottom-
relative flow would depend on the slopes of all isopycnals between
the respective layer and the bottom of the ocean.

d. Coupling, boundary conditions, and parameters

The predictive residual advection—diffusion equations
for the buoyancy profiles in each region (section 2a), are
coupled using the diagnostic relationships for the re-
sidual streamfunctions (sections 2b and 2c), which in
turn control the advective residual velocities w',, wl,

and w}:

wh = =AY wh =AU+, -, )
WL:A}_’](_\P4_\P2}>)7 (6)

where Ay, A4, and Ap are the horizontal areas of the
respective regions (see Table 1).

Unlike in the setup of JN19, which uses a horizontal
advective—diffusive equation for the mixed layer in the
Southern Ocean channel, we here simply prescribe the
surface buoyancy profile in the Southern Ocean, using a
profile that closely matches the GCM simulations (see
Fig. 3). In simulations where the AABW density is
varied, we adjust the surface buoyancy profile only
in the southernmost 5° (555km), where the profile
is linear with a varying slope. The minimum surface
buoyancy in the channel region, which we call baapw,
also serves as the bottom boundary condition in
the basins. The surface buoyancy in the Atlantic and
Indo-Pacific basins is prescribed to match the northern
end of the Southern Ocean surface buoyancy profile:
bap(z = 0) = 0.02ms % The minimum surface buoy-
ancy in the northern deep water formation is set to
Bamin = 3.6 X 1074ms™2 (chosen to match the diagnosed
minimum northern surface buoyancy in the reference
simulation of the GCM).
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TABLE 1. Parameters of the toy model.

Ay =7 X 10 m?
K =1800m?s ™!
Lya = 3714km
fH=-12%x10"*s"1

Ay =55%x10"m? Ap=17x10"m?
7=016Nm?  p,=1030kgm >

Lyp = 9286km L, = 3000 km
£=12%x10"%s"1 f,=1x10"%s"!

Additional model parameters are provided in Table 1
and have been chosen to be consistent with the GCM
simulations discussed below. A number of parameters
cannot be translated one-to-one due to simplifications in
the toy model (e.g., the assumption of a constant wind
stress, or the lack of standing meanders, which affect the
effective eddy diffusivity). In these cases parameters
have been tuned to reproduce the GCM simulation in
the reference climate. Specifically, we aimed to roughly
match the strength of the overturning and depth of the
cell interface at the northern end of the Southern Ocean.

3. Two-basin simulations in GCM and toy model
a. Idealized GCM setup

Results for the column model will be compared to
those of a GCM. We will use the MITgecm (Marshall
et al. 1997) in various idealized basin configurations.
Our reference two-basin geometry is similar to the one
used in Nadeau et al. (2019). The domain, shown in
Fig. 3a, is a spherical sector, 210° wide in longitude, and
extends from 70°S to 70°N in latitude, with a horizontal
resolution of 2° X 2°. The domain is 4km deep with
40 vertical layers of varying thickness from 37 m at the
surface to 159 m at the bottom. The smaller Atlantic-like
basin is 60° wide and extends from 35°S to 70°N, while
the larger Indo-Pacific-like basin is 150° wide and ex-
tends from 35°S to 54°N. In this reference setup, the
areas of the two basins correspond roughly to those of
the Atlantic and Indo-Pacific Oceans. Both basins are
connected to a Southern Ocean-like region spanning
the entire domain south of 35°S. Inside this region, a
circumpolar channel opening extends from 70° to 48°S,
and is partially blocked by a 2000-m-high Scotia Ridge—
like topography, similar to the one used in Ferrari et al.
(2017). Other model configurations will be discussed in
section 4, where we explore the role of basin geometry.
We use a linear equation of state that depends only on
temperature, such that buoyancy is given by b = gayt’,
with g the gravitational acceleration, 6’ the potential
temperature, and ey = 2 X 10 *K ! the thermal expan-
sion coefficient. Surface temperature and thus buoyancy
at the surface is restored to a zonally symmetric profile
with a piston velocity of about 1 mday !, corresponding
to a coupling strength of SOWm ?K ™! (solid blue line
in Fig. 3c). For all experiments, the minimum surface
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restoring buoyancy at the northern end of the Atlantic
basin is set to b, ,w = 0ms~2, which thus provides the
reference point for our buoyancy variable. The mini-
mum surface restoring buoyancy at the southern end of
the domain is b¥ gy = —0.002ms™?, in the reference
simulation, but will be varied in the sensitivity exper-
iments of section 3d. Notice that the minimum surface
restoring buoyancies imposed in the GCM generally
do not exactly match the actual diagnosed minimum
buoyancies of NADW and AABW, which we denote
as bnyapw, baapw and discuss below. The vertical
diffusivity profile is horizontally homogeneous and
follows a tanh(z) function with inflection point at mid-
depth (solid blue line in Fig. 3b). Values at the surface
and the bottom where chosen such that our reference
MOC roughly matches that of the ECCO state estimate
(Cessi 2019). Momentum input by surface wind stress is
represented by the latitudinal profile shown in Fig. 3d.
The wind stress over the Southern Ocean is here chosen
to be somewhat stronger than in Nadeau et al. (2019)
(and also stronger than observed), in order to obtain an
upper cell strength and depth in the Southern Ocean
that is roughly similar to the results from the ECCO
reanalysis (cf. Cessi 2019). The need for an elevated
wind stress in the Southern Ocean to obtain a realistic
overturning is expected as a result of the shorter ACC
(210° as opposed to 360° in the real world), as explained
in section 4. Other details about the model configuration
can be found in Nadeau et al. (2019).

b. Reference climate results

We first consider results for our reference ‘““‘present
day” model configuration. A comparison of the over-
turning circulation obtained with the GCM and toy
model is shown in Fig. 5 for the depth-averaged MOC
and Fig. 6 for the buoyancy-averaged MOC.

The global overturning (right panels) shows the
typical overturning structure with two cells stacked on
top of each other. In both models the upper cell peaks
at around 14 Sv (1Sv = 10°m>s™!), when averaged in
buoyancy coordinates, while the lower cell reaches
around 16Sv in the basin. Significant discrepancies
between the GCM and toy model are observed in the
latitudes of the circumpolar channel for the depth-
averaged MOC (Fig. 5), where a topographically in-
duced standing meander yields closed localized cells
in the GCM circulation, but these discrepancies are
significantly reduced when the circulation is averaged
over isopycnal layers (Fig. 6). Panels on the left show
the circulation separated into the Indo-Pacific and
Atlantic basins, using a similar layout as Fig. 1, where
both basins are plotted as extending outward from
the channel. The general structure of the overturning
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FIG. 5. Meridional overturning circulation (averaged at constant depth) in the (top) GCM and (bottom) toy model. Notice that the Indo-
Pacific is mirrored, with north on the left. In the latitude range of the Southern Ocean all panels show the global overturning. The contour
interval is 2 Sv, with white shading for —1 Sv <W¥ < 1 Sv.

resembles the observations (Lumpkin and Speer 2007),
although the depth-averaged circulation in Fig. 5 shows
two shallow clockwise overturning cells (absent from
observations) in the north and south of the Pacific
basin. These result from a smaller-than-observed northern
surface buoyancy and a stronger-than-observed channel

wind stress, respectively. The shallow cells do not ap-
pear in the buoyancy-averaged overturning (Fig. 6) and
are therefore not expected to affect our main results.
In both models, an overlap between the Atlantic
upper cell and Indo-Pacific lower cell is visible over a
wide range of depths and buoyancies. To characterize
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FIG. 6. Asin Fig. 5, but for the isopycnal overturning circulation. The vertical axis is scaled according to the globally averaged isopycnal
depth. The asterisks denote the locations where Wga(bo) (the isopycnal overturning at b, in the South Atlantic) and Wn(by) (the isopycnal
overturning at by in the North Atlantic) are defined, where b is the isopycnal that separates the upper and lower global overturning cell at
the northern end of the Southern Ocean (see text).
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the exchange of properties between the two cells, we
interpret our results in terms of the pathways discussed
in Fig. 1, which highlight the importance of the iso-
pycnals by and byapw- In contrast to the schematics
of Fig. 1, however, our results also include diapycnal
effects in the Atlantic interior. As a result, we will
focus our analysis on three isopycnal surfaces (Fig. 6):
(i) bnapw is the minimum buoyancy corresponding to
the upper cell in the north of the Atlantic basin,? (ii) b
is the minimum buoyancy of the upper cell in the south
of the Atlantic basin, and (iii) by marks the buoyancy
where the global-integrated streamfunction changes sign
at the northern end of the Southern Ocean region. For
the depth averaged circulation (Fig. 5), we similarly define
ZNADWs Zsa, and zo. Notice that although the base of the
AMOC shoals southward in depth space (zsa > ZnaDpw)s
the minimum buoyancy of southward flowing NADW
actually decreases toward the channel (bsa < bnapw),
that is we find diabatic “downwelling” in the Atlantic
near the bottom of the AMOC cell. At shallower depth,
we instead see diabatic upwelling. The diabatic compo-
nent in the Atlantic therefore tends to spread NADW,
which initially occupies a relatively tight range of buoy-
ancies, as it moves southward in the Atlantic basin.’

The cell “overlap” is here defined as the transport out
of the Atlantic in the range of overlapping buoyancies
bo < b < bsa, which is measured by s (by) (cf. Nadeau
et al. 2019; Baker et al. 2020).* This transport, which in
the reference simulation amounts to ga(bg) =~ 9Sv, is
associated with the conveyor mode of the AMOC, and
is critical for pathways 4 and 5 in Fig. 1. Notice that
sa(bo) must be balanced by a similar diabatic upwelling
across by in the Indo-Pacific in order to close the mass
budget, and hence could similarly be diagnosed in terms
of the overturning streamfunction at b, at the southern
end of the Indo-Pacific. The overlap is closely related to
the full diabatic extension of the AMOC, which we here
define as the net overturning transport in the North
Atlantic that extends past the minimum buoyancy of
adiabatic upwelling in the SO, i.e., ¥n(bp).

2 Notice that, in practice, we here define byapw as the depth
where W first drops below 1 Sv at 56°N. Since there is no abyssal cell
in the North Atlantic, the actual zero-crossing of the stream-
function (used for the definition of by and bs,) is poorly defined.

3 As discussed by Wolfe and Cessi (2011) for the adiabatic
limit, injection of NADW in the north forms a ‘“thermostat” of
weakly stratified water. Diffusive mixing weakens this thermo-
stat while driving up- and downwelling out of the weakly strati-
fied depth range.

4The cell overlap, ¥sa(bo), is similar to the “lower branch” of
the NADW flowing below o, as defined in Nadeau et al. (2019)
and similar to the quantity "NADW_pac_lower” defined in Baker
et al. (2020).
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To further illuminate the role of the adiabatic versus
diabatic pathways, it is useful to isolate those compo-
nents explicitly. In the toy model, such a decomposition
is relatively straightforward, as water mass transforma-
tions are limited to four distinct regions: the northern
deep water formation region, the Southern Ocean, and
the interiors of each basin. The adiabatic component,
by definition, is not associated with any interior trans-
formations, and can thus be identified as the part of the
northern sinking (across any given buoyancy surface b)
that is balanced by an opposite transformation (across
the same density surface) in the SO:

Wadia(p) = Y (p) = min(WI (b), WS (b)),  (7)

where ¥ = max("¥, 0) is the positive (clockwise) part of
the overturning (there is no adiabatic contribution to the
counterclockwise circulation, as all sinking in the SO is
balanced by diffusive upwelling), and ¥, = ¥, + ¥yp
is the total overturning in the adiabatic Southern Ocean.
Hence, W, (b) is the total adiabatic upwelling (as a
function of b) in the Southern Ocean, and in practice
Wadia(p) = W7 (b) on most buoyancy surfaces. However, on
some buoyancy levels in the upper ocean ¥, (b) > ¥ (b),
that is Southern Ocean upwelling is partially balanced
by diabatic downwelling in the basins (as opposed to
surface transformation in the North Atlantic). This com-
ponent is hence removed in our definition of the adiabatic
overturning.’

The overturning circulation that remains after sub-
tracting the adiabatic component is purely diabatic in
the sense that at least one of the transformations (from
dense to light or from light to dense) occurs diffusively in
the interior:

Wy5(b) = W,y5(b) — W35 (D). ®)

As illustrated in Fig. 7, the adiabatic circulation
consists of an interhemispheric clockwise cell, con-
fined to the Atlantic basin. This circulation resembles
the adiabatic upper cell mode sketched in the first row
of Fig. 1.

The remaining diabatic circulation resembles to a
large part the full diabatic pathway sketched in the

5 Notice that, even in the toy model, the definition of the adia-
batic contribution is not generally strictly unambiguous, as any
diabatic circulation component with surface transformation in
one hemisphere could be formulated as the sum of an interhemi-
spheric adiabatic circulation plus a diabatic component with sur-
face transformation in the opposite hemisphere. However, only the
definition in (7) guarantees no cancelling diabatic and adiabatic
contributions at any given buoyancy and region.
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FI1G. 7. (top) Adiabatic component of the isopycnal overturning in the toy model (cf. Fig. 1, row 1). (bottom) Diabatic component of the
overturning (cf. Fig. 1, row 4).

fourth row of Fig. 1 and includes the lower cell, asso-
ciated with the recirculation of AABW (cf. row 2 in
Fig. 1), as well as the diabatic component of the upper
cell, associated with the diabatic recirculation of NADW
(cf. row 3 in Fig. 1). Notice that the diabatic contribution
to the upper cell, throughout the meridional length of
the Atlantic, has its maximum value near b, (bottom row
in Fig. 7). The diabatic component of the upper cell is
hence extending the upper cell below the depth of the
adiabatic contribution, which by definition goes to zero
at by. This diabatic extension of the upper cell is critical
for the existence of a cell overlap.

¢. Role of diapycnal diffusivity and surface buoyancy
boundary conditions

Our reference experiment is meant to represent the
present-day MOC, which shows a wide range of over-
lapping buoyancies (e.g., Lumpkin and Speer 2007; Talley
2013; Cessi 2019). However, proxy data of the LGM
suggest that this overlap was much smaller than it is
today, as a result of stratification and circulation changes.
An emerging consensus on the mechanisms responsible
for these changes points to the role of Antarctic sea ice
in controlling the depth of the AMOC, by modulating
surface buoyancy loss around Antarctica (e.g., Shin et al.
2003; Ferrari et al. 2014; Jansen and Nadeau 2016;
Marzocchi and Jansen 2017). Nadeau et al. (2019) and
Baker et al. (2020) recently showed that an increased
latitudinal sea ice extent and increased rate of Antarctic
sea ice formation can result in a shoaling of the AMOC

and a significant reduction of the overlap between the
two cells of the MOC. Moreover, we argue above that
the cell overlap critically depends on the diabatic ex-
tension of the upper cell, which suggests that diapycnal
diffusivity is likely to play a key role in controlling
the depth of the AMOC and the exchange between the
two cells.

Here, we will systematically explore the sensitivity
of the circulation, and in particular the cell overlap,
on both the buoyancy of AABW and the diapycnal
diffusivity. Changes in the buoyancy of AABW can be
thought of as representing changes in brine rejection
from sea ice formation and export around Antarctica.
This process has likely differed substantially during the
LGM, and is also likely to be poorly represented in GCM
simulations of the present-day overturning. Similarly,
diapycnal mixing rates remain very poorly constrained
and may have differed substantially in the LGM (e.g.,
Schmittner et al. 2015). Diapycnal mixing rates are here
modified by simply multiplying the diffusivity profile of
the reference simulation by varying factors. The density
of AABW is varied by modifying the surface density in a
small strip around Antarctica while keeping it fixed else-
where (cf. section 3a). Importantly, this implies that we are
directly varying the buoyancy contrast between NADW
and AABW, thus affecting the abyssal stratification, which
has previously been argued to play a key role in controlling
the depth of the AMOC (Jansen and Nadeau 2016).

We first illustrate the effect of increased diapycnal
diffusivity and reduced AABW buoyancy by doubling
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FI1G. 8. Isopycnal overturning in the Atlantic and Southern Ocean in the toy model for the (top left) reference case, (right) doubled
diapycnal diffusivity, and (bottom) quadrupled minimum (negative) AABW buoyancy (which approximately amounts to a quadrupling of
the buoyancy contrast between AABW and NADW). Increased diapycnal diffusivity leads to a deepening of the AMOC and an increased
cell overlap, while greater AABW density leads to a shoaling of the AMOC and reduction in the overlap. The two effects largely
compensate in the bottom-right panel, leading to a similar overlap as in the control case.

the diapycnal diffusivity and quadrupling b ogw in the
toy model. (Notice that baapw is negative and all buoy-
ancies are relative to b,y =0). The results are sum-
marized in Fig. 8, where the upper-left panel reproduces
the circulation obtained for the reference present-day-
like experiment (same as in Fig. 6), while the lower-left
panel shows the effect of a fourfold increase in the mag-
nitude of b opw- Similarly to the results of Nadeau et al.
(2019), the upper cell in the Atlantic shoals substantially
if the buoyancy of AABW is reduced, while the global
average circulation in the SO changes much less. (Notice
that the vertical axis in the figure is scaled by the mean
depth of the respective isopycnal, and thus contains depth
information.) In other words, both byapw and bga are
shifted upward while the average depth of by remains
relatively unchanged. The range of shared buoyancies,
by < b < bgsa, and the overlap, ga(bo), are thus both
reduced. The opposite response is observed for a two-
fold increase in vertical diffusivity (right panel of Fig. 8),
where the diabatic transport increases roughly by a
factor of 2. The combined effect of reduced ba ogw and
increased « yields a circulation similar to the reference
experiment, albeit with a stronger abyssal stratification
(lower-right panel).

We now explore the sensitivity of the circulation to
diffusivity and AABW buoyancy over a wide parameter
range. We use the toy model to explore the full two-
dimensional k—baapw parameter space using 13 incre-
ments of k/kg from 0.1 to 3.0 and 13 increments of
baapw from —0.0084 to —0.00036 ms 2, for a total of
13 X 13 = 169 solutions. The main results are con-
firmed using two series of GCM simulations. One set
where the minimum surface restoring buoyancy around
Antarctica is varied using b% ,pw = 0, (—0.002), —0.004,
—0.006, —0.008, and —0.01ms 2 (where the value in
parenthesis refers to the reference simulation), while « is
held fixed at its reference profile, and one set of simu-
lations with varying x/ko = 0.25, 0.5, (1), and (2), where
b* sgw 1s held fixed at the reference value.

As previously indicated by the illustrative cases in
Fig. 8, we find that the depth of NADW in the Atlantic
(as measured by both zyapw and zsa) increases system-
atically with increasing k or increasing b apw (Figs. 9a,b).
The depth of zero global overturning in the Southern
Ocean channel, z, instead is relatively weakly sensitive
(Fig. 9¢), which leads to a systematic increase of the
shared depth range. The deepening of NADW (relative
to zo) with increasing diapycnal diffusivity is consistent
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FI1G. 9. (a)—(c) Depth of the upper cell in the North Atlantic, zyapw, at the southern end of the Atlantic basin, zs, and in the Southern
Ocean, zo, as a function of the AABW buoyancy b apw and the magnitude of the diapycnal diffusivity (normalized by the diffusivity in
the reference simulation). (d)—(f) Corresponding buoyancies denoting the bottom of the upper cell in isopycnal coordinates (cf. Figs. 5 and 6).
Shading shows the toy model results and filled markers indicate results from the GCM simulations, with the stars marking the present-day-like

reference case for which b apw = —0.0011ms 2

and k/ko = 1. In the GCM, b apw is diagnosed as the bottom buoyancy at the northern end

of the Southern Ocean, which is generally larger than the prescribed minimum restoring buoyancy b , gwdue to surface disequilibrium and
interior diabatic transformations within the Southern Ocean, neither of which are included in the toy model.

with the fact that this lower part of the upper cell is in-
herently controlled by diabatic processes (cf. section 3b).
The deepening of NADW with increasing AABW buoy-
ancy is consistent with the results of Jansen and Nadeau
(2016), as an increase in b spw leads to a reduction of the
abyssal buoyancy contrast (byapw — Paasw), and thus a
reduction of the abyssal stratification, which was shown to
lead to an expansion of the AMOC.

The deepening of NADW but comparatively weak
sensitivity of z to increasing k or increasing baapw 1S
robust across the GCM and toy model, although a cou-
ple of notable differences exist (see also Fig. S1 in the
online supplemental material). First, zyapw is generally
deeper in the GCM compared to the toy model, except
in the limit of very buoyant AABW where znapw €X-
tends essentially to the bottom of the ocean. The too-
shallow NADW in the toy model likely results from the
model’s inability to represent the meridional bottom
buoyancy gradient in the Atlantic basin, which leads to
higher abyssal North Atlantic buoyancies in the GCM,
allowing for a deeper penetration of NADW. Second,

the response of z, to changes in «, although weak in both
models, is of opposite sign. While z slightly deepens in
response to increased « in the GCM, it actually shoals in
the toy model. The slight shoaling of z, in the toy model
can be understood by noting that increased « leads to a
deepening of isopycnals in the basin, and hence a steep-
ening of isopycnal slopes in the channel (as the surface
buoyancy distribution in the Southern Ocean is fixed). The
steepening of isopycnals leads to a strengthening of the
eddy-driven, counterclockwise, circulation, which then
leads to an expansion of the lower (counterclockwise)
and contraction of the upper (clockwise) cell. While it is
not entirely clear why this response is not observed in
the GCM, matters are clearly complicated due to the
fact that the surface buoyancy in the Southern Ocean is
not fixed, but constraint less strongly by the surface re-
storing boundary condition, and the residual circulation
is strongly affected by standing meanders whose re-
sponse to changes in the mean state is more complex.
As we are ultimately most interested in the isopycnal
overturning, it is also instructive to consider changes in
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FIG. 10. As in Fig. 9, but showing the range of shared buoyancies between the lower cell in the Southern Ocean and the upper cell in
(a) the North Atlantic and (b) the South Atlantic, as well as (c) the diabatic extension of the AMOC in the North Atlantic and (d) the cell
overlap in the South Atlantic. (cf. Fig. 6). The arrows qualitatively indicate the potential shift in parameter space between the present and
LGM, where enhanced Antarctic buoyancy loss likely led to an increased buoyancy contrast between AABW and NADW.

the actual buoyancies of the isopycnals byapw, Psa, bo.
From this perspective, we find that it is instead b, that is
most sensitive and increases in response to increased
diffusivity or baapw (Figs. 9d—f). The sensitivity of
by can be understood by noting that (for a fixed wind
stress and eddy diffusivity) the wind- and eddy-driven
streamfunction goes through zero at an approximately
fixed depth, associated with a certain critical isopycnal
slope. The buoyancy at this depth, however, increases
with increased diffusivity or increased b apw- The min-
imum buoyancy of NADW, byapw, instead changes
relatively little, as it is tightly constraint by the minimum
surface buoyancy in the North Atlantic. As a result, we
find a systematic increase in the range of overlapping
buoyancies (by — byapw) With increasing diffusivity or
baapw (Fig. 10a). The diabatic extension of the AMOC
in the north of the Atlantic, yn(bg), then increases
sharply as (by — byapw) becomes positive, such that

NADW is injected at densities that are no longer part of
the upper cell in the southern channel (Fig. 10c). The
diabatic spreading of NADW in the Atlantic effec-
tively smooths this sharp transition, but the same
qualitative response applies to the range of over-
lapping buoyancies at the southern end of the basin.
That is, bga responds much less strongly than b, to an
increase in k or baapw, leading to an increase in the
range of shared buoyancies (bsa — bo) and a resulting
increase in the overlap Wga(bo).

The sensitivity of byapw, Psa, and by, as well as the
resulting AMOC extension W (bg) and overlap Wsa (bo),
are generally consistent between the toy model and GCM
simulations (see also Figs. S2 and S3 for a direct com-
parison of GCM versus toy model results). Naturally, the
GCM simulations, however, do not cover the entire pa-
rameter regime explored with the toy model such that
some caution is required when interpreting the toy model
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results outside the parameter range considered in the
GCM simulations.

For values of diffusivity in the vicinity of the reference
case, reducing baapw allows for a transition from a
present-day-like circulation, characterized by a strong
overlap, to an LGM-like circulation, characterized by a
weak overlap, as previously discussed by Nadeau et al.
(2019)® and Baker et al. (2020). The model, however,
also highlights the potentially important role of changes
in the diapycnal diffusivity. Significant changes in the
diffusivity between the present-day and LGM are pos-
sible, although the magnitude and even direction of
change remains uncertain. The reduced area of shelf
seas likely led to higher tidal energy dissipation in the
deep ocean, which provides a key energy source for di-
apycnal mixing (e.g., Schmittner et al. 2015). Enhanced
abyssal stratification associated with reduced AABW
buoyancy, however, also implies that more energy is
needed to generate diapycnal mixing (e.g., Wunsch and
Ferrari 2004), which leaves the net change in the dia-
pycnal diffusivity highly uncertain. Our results show that
strongly increased diapycnal mixing could counteract
the effect of reduced AABW buoyancy, perhaps causing
relatively little change in the cell overlap between the
present-day and LGM circulation. Reduced diapycnal
mixing instead could further enhance the circulation
changes caused by reduced AABW buoyancy, potentially
leading to a complete elimination of any cell overlap.

4. The role of basin geometry

Much progress has been made toward a theoretical
understanding of the deep ocean overturning circulation
using single-basin models (Gnanadesikan 1999; Wolfe
and Cessi 2009; Nikurashin and Vallis 2011, 2012; Wolfe
and Cessi 2011; Jansen and Nadeau 2016; JN19). The
results above, however, highlight the role of interbasin
exchange, including the importance of diapycnal up-
welling in the Indo-Pacific to balance sinking in the
North Atlantic. This raises the question of what, if
anything, we can still learn from single-basin theories. In
the following, we will illustrate that single-basin models
and theories remain powerful tools to understand the
global overturning circulation even in multibasin config-
urations, if we adequately account for the global ocean
area and length of the circumpolar channel.

®Notice that in addition to increased sea ice formation and ex-
port, which leads to a reduction in b spw, Nadeau et al. (2019) also
identified sea ice extent as a parameter that can control the overlap.
For simplicity, this parameter was fixed here and further work is
needed to evaluate its influence on the parameter space presented
in Figs. 9 and 10.
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We first compare the difference in the deep ocean
overturning circulation between our two-basin model
and a single-basin configuration, by simply removing
the continental strip that separates our two basins,
which leads to a single-basin geometry with similar
global ocean area and circumpolar channel length. As
shown in Fig. 11 (first and second row), the global MOC
is very similar with and without a separation between
the two basins, which suggests that the global over-
turning is to zeroth-order independent of how the area is
distributed over basins.

The similarity of the global MOC between simula-
tions with and without a continent separating the ocean
into two basins can be understood with the help of the
toy model by considering the limit case of efficient basin
exchange, which can formally be achieved by taking the
limit f; — 0. In this limit, Eq. (4) requires that bp = b4 =
bpasin for any finite W, (whose magnitude is limited by
the capacity for diabatic upwelling in the Indo-Pacific
and sinking in the channel and North Atlantic). The
evolution equation for the basin buoyancy by,si, can
then be obtained by adding the advection—diffusion
equations for each basin, which yields an equation identical
to (1) but with bianp) = boasn and Wi, v p = Wi, =
(Ap+ A,) ' (W5 —W,). The overturning circulation W5
follows as before from Eq. (3) with b4, — by, and the total
meridional overturning in the channel, ¥, = ¥, 4 + ¥5p,
is given by an equation identical to (2) with 54 p — Spasin
(identical in both sectors) and L4 py — Lya + Lyp. The
equations for the global overturning circulation thus
become identical to those of a single-basin model with a
basin area A = Ap + A4 and channellength L, = L, 4 +
L.p (cf. IN19). Indeed, we could also deduce the over-
turning through the two basins from the single-basin
solution, by noting that, in the limit where b4 ~ bp, both
the overturning in the channel and the diapycnal up-
welling in the basins are simply distributed across the
two sectors/basins in proportion to their respective
length/area. In reality, the exchange between the two
basins of course is not infinitely efficient, and as a result
the buoyancy profiles in the two basins are not identi-
cal (cf. Thompson et al. 2016; Ferrari et al. 2017).
Nevertheless, this limited case provides a useful frame-
work for a zeroth-order understanding of the global
overturning in a multibasin model, as illustrated by the
results in Fig. 11.

Importantly, the results above do not suggest that the
Atlantic MOC (or the upper cell) is to zeroth-order
unaffected by the Indo-Pacific, as becomes clear if the
Indo-Pacific basin is replaced with land (third row of
Fig. 11). In the absence of diapycnal upwelling of former
NADW in the Indo-Pacific, the diabatic portion of the
AMOC vanishes almost completely. The large reduction
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FIG. 11. Global overturning in (center) the GCM and (right) the toy model for (left) various geometries: (first row) reference exper-
iment; (second row) as in the reference experiment, but without a separation between the two basins; (third row) as in the reference
experiment, but with the Indo-Pacific filled with land; and (fourth row) as in the third row, but with reduced channel length. Contours in
the left panels show the barotropic streamfunction in the GCM (one streamline corresponds to 15 Sv).

of the basin area over which diffusive upwelling occurs
is similar to the response to a decrease in diapycnal
diffusivity, as can readily be seen from the toy model,
where the basin area effectively appears only in product
with the diapycnal diffusivity, in the steady state solu-
tion. [This can be seen by inserting the relationships in
Eq. (6) into Eq. (1).] The reduced area of diffusive

upwelling hence leads to an elimination of the diabatic
extension of the AMOC and hence a shoaling of North
Atlantic Deep Water, zyapw- This shoaling of NADW
occurs without a significant change in the depth of the
isopycnal associated with the zero streamfunction in the
channel (zg), thus eliminating the shared depth and buoy-
ancy range between the upper and lower cell. The smaller
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area-integrated diapycnal diffusivity further yields a
somewhat weaker abyssal stratification and circulation.

Last but not least, the global MOC is controlled by the
total length of the channel (last row of Fig. 11). If the
channel length is reduced to the width of the Atlantic
basin, the Southern Ocean overturning is significantly
weaker [recall that ¥, « L, in Eq. (2)]. This results in a
reduction of the adiabatic portion of the AMOC (cf. the
third and fourth rows of Fig. 11). The channel’s length
also impacts the eddy-driven circulation in the abyssal
cell, as well as the area integrated negative buoyancy
flux at the surface of the channel, affecting the strength
and stratification of the abyssal cell (cf. Jansen and
Nadeau 2016).

These results highlight that common biases in ideal-
ized single basin simulations, including a relatively weak
and shallow AMOC, can be understood directly as a
result of the reduced domain size, which leads to re-
duced diabatic and adiabatic upwelling. When the real
ocean area and length of the Southern Ocean are
accounted for, single-basin theories, however, remain
useful to provide a zeroth-order understanding of the
global ocean overturning. Notice also, that although the
two overturning cells by definition have to close on each
other in a single-basin model, the two cells can still
have a shared density range (i.e., bxapw > bo)—as il-
lustrated by the ““global scale basin” case in Fig. 11. This
shared buoyancy range is likely to be critical to the in-
tercell exchange of tracers, even in a single basin model,
as it allows for along-isopycnal mixing between the two
cells by eddies and gyres (e.g., Burke et al. 2015; Jones
and Abernathey 2019; Nadeau et al. 2019), while any
intercell mixing is limited to diapycnal processes when
the shared buoyancy range is eliminated.

5. Summary and conclusions

We have extended the toy model for the meridional
overturning circulation of JN19 to include an interbasin
exchange between two basins connected via a Southern
Ocean channel. The model was used to explore and
understand the sensitivity of the overturning circulation
to external parameters, specifically the diapycnal diffu-
sivity and the interhemispheric contrast in minimum
surface buoyancy. A particular focus of our study was on
the “cell overlap” between the upper and lower over-
turning cell. We highlight that this cell overlap is asso-
ciated with the diabatic extension of the AMOC below
the maximum depth of adiabatic upwelling in the Southern
Ocean. The presence and magnitude of this diabatic
extension critically depends on the magnitude of the
diapycnal diffusivity, with strong diffusivity favoring a
substantial diabatic extension and thus a large overlap.
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The overlap is further promoted by reducing the inter-
hemispheric contrast in minimum surface buoyancy, which
leads to a deepening of the upper cell in the Atlantic,
as previously shown by Jansen and Nadeau (2016). All
main results were validated using GCM simulations in
an idealized two-basin configuration.

We also explored the role of ocean geometry in both
the toy model and GCM. Results show that the globally
integrated MOC depends to zeroth order on the length
of the Southern Ocean channel (which determines the
strength of the adiabatic upper cell) and the globally
integrated basin area (which controls the diabatic ex-
tension), while being only weakly dependent on how
that area is distributed over the basins. A zeroth-order
understanding of the global MOC can thus be obtained
using established single-basin theories, as long as the full
length of the Southern Ocean and global ocean area are
taken into account.

Our idealized approach necessarily implies that vari-
ous physical mechanisms have been omitted or simpli-
fied in this study. Among these is the complex coupled
interaction of the ocean with the atmosphere and sea ice,
the nonlinearity of the equation of state, and the interplay
between bathymetry and diapycnal mixing. However, the
simplicity of our approach allows us to isolate key factors
controlling the structure of the MOC and the exchange
rate between the two cells. Our results, moreover, con-
firm that the toy model is a useful tool to understand the
response of the MOC to various external parameters. The
flexible structure of the model, which is freely available
on GitHub, allows it to be readily extended to include
more realistic boundary conditions, improved represen-
tations of diapycnal mixing, or any other parameteriza-
tions that may be of importance for future studies.
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