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The global overturning circulation (GOC) is the largest scale component of the ocean circulation,
associated with a global redistribution of key tracers such as heat and carbon. The GOC generates
decadal to millennial climate variability, and will determine much of the long-term response to
anthropogenic climate perturbations. This review aims at providing an overview of the main controls of
the GOC. By controls, we mean processes affecting the overturning structure and variability. We
distinguish three main controls: mechanical mixing, convection, and wind pumping. Geography
provides an additional control on geological timescales. An important emphasis of this review is to
present how the different controls interact with each other to produce an overturning flow, making this
review relevant to the study of past, present and future climates as well as to exoplanets’ oceans.

The global overturning circulation (GOC) is responsible for the ventilation
of deep and bottom water masses on decadal to millennial timescales. By
connecting water masses from all four major basins across the full depth of
the ocean (Fig. 1), it induces a large-scale redistribution of heat, carbon and
nutrients, which makes it central to the Earth’s climate and biogeochemical
cycles'. In the current context of a fast-paced forced climate change, there
are worries that the GOC could be modified in some fundamental ways™™,
with long-term consequences for the Earth’s climate®™”. Yet too little is
known about what controls the GOC structure and intensity to reliably
predict its potential response.

Knowledge about the GOC heavily relies on general circulation
models, owing to the difficulty of observing a global system that varies on
such a wide range of timescales. Despite their numerous limitations, models
have given us a better idea of how the GOC may have looked in the past, and
how it may change in the future. The “conveyor belt” picture'’, which
represents the meridional circulation as a laminar flow following a well-
defined pathway, has proved over-simplistic and is now replaced by a
complex set of intricate current systems, full of eddies and varying on all
timescales'". In this modern picture, the open geometry of the Southern
Ocean plays a central role in determining the GOC".

The focus here is to present an overview of the different factors that
shape the GOC. Disentangling the mechanisms responsible for the main-
tenance of overturning cells in the ocean has proved surprisingly difficult.

Unlike the atmosphere, which is warmed from below and cooled from
above, the ocean is both warmed and cooled at the surface, i.e., at roughly the
same geopotential level, a rather inefficient configuration to produce
energetic overturnings as illustrated in the pioneering experiments of
Sandstrém". Mechanical sources of energy are required to explain the
strength and structure of the GOC'*", while the convection generated by
surface buoyancy fluxes acts as a net sink of mechanical energy. This has led
many authors to conclude that the overturning circulation is “driven” by
wind and tides, but not by surface buoyancy fluxes'***. This conclusion
arises when defining “drivers” uniquely as “power sources”'’. We believe
that this interpretation has brought unnecessary confusion in the literature
and should be avoided in the future'. In fact, it is established that surface
buoyancy fluxes have a strong impact on the GOC”. Clearly, the GOC as we
observe it depends on both mechanical and buoyancy forcings acting
together.

We propose here to carefully distinguish between the concepts of
power source, control, and driver. An analogy with cars may be useful to
illustrate the fundamental differences. The car is powered by gas combus-
tion or electrical batteries. It is controlled by a steering wheel and the throttle
and braking pedals. The driver is the operator of the car, most often a human
acting with intent. What would be the equivalents for the ocean circulation?
Winds and tides provide mechanical power sources, while the buoyancy
forcing provides both sources and sinks of potential energy. The mixing,
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Fig. 1 | Global residual meridional overturning
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pumping, and convection that these forcings induce control the flow (Fig. 2).
The ocean has no (known) driver, suggesting that this term should be
abandoned—or at least used with great caution.

In this review, we will focus on controls, seen as processes that
affect the shape, magnitude, and variability of the overturning flow
through the modulation of external forcings. Considerations of the
energy budget will be our starting point, as the importance of a given
control can be judged by its ability to supply or remove energy. Sinks
and sources of energy are equally important: the balance between the
two determines the steady state. Section “Energetics of overturning
circulations” presents the energetics of overturning circulations and
discusses the horizontal convection regime (surface buoyancy forcing
only, illustrated in Fig. 3a).

The rest of the review is organized to gradually introduce the different
types of control that are illustrated in Fig. 3. Our goal here is not to cover all
combinations of wind, mixing, and geometry, but to provide a framework
for understanding the GOC as we observe it. In section “Buoyancy driven
circulations: convection + mechanical mixing”, we consider the buoyancy
forcing with convection and mixing (buoyancy-driven circulation, Fig. 3b).
We then add the effect of wind pumping in section “Adding wind pumping
to the picture” (Fig. 3¢ for a closed basin, and Fig. 3d in the presence of a
circumpolar gateway), which is most relevant in the presence of a stratifi-
cation. Note that this stratification requires buoyancy forcing and mixing to
exist in the first place. Section “Geographic controls”, which discusses
geographic controls acting on geological scales, highlights the importance of
the continental boundaries, bathymetry constraints and orography. Finally,
section “Conclusion” summarizes the main takeaway points and discusses
future challenges.

Energetics of overturning circulations

The budget of mechanical energy (see Box 1) helps to elucidate the effects of
various controls affecting the GOC. The ocean has large reservoirs of
potential energy (~20 Y], with 200-700 EJ available to the general circula-
tion) and kinetic energy (~ 10 EJ as geostrophic flow)”. For these energy
reservoirs to maintain ocean circulation/stratification, power must be
continuously input to offset on-going energy dissipation. One difficulty in
interpreting energy budgets comes from the wide range of spatial and
temporal scales at which potential and kinetic energy are being converted
back and forth. Integrating the entire range of scales produces a picture
where wind and tides provide energy sources while viscous dissipation is a
sink (Fig. 4a). The net effect of molecular diffusion (M; in Fig. 4a) can either
be a net source or sink depending on whether the average stratification is
stable or not.

The energy budget for the time-mean large-scale circulation (typical of
that simulated by coarse ocean models) produces a very different picture
(Fig. 4b). In this picture, the potential energy budget becomes central, as it
provides a link between the small-scale mixing and the mean circulation.
The strength of this link depends on the turbulent diffusivity sustained by
different mixing processes.

The total surface wind power input to the ocean is around 70 TW,
much greater than the ~2-4 TW required to maintain the general
circulation”. The extra power is primarily directed into surface gravity
waves (~60-68 TW)?>, with a small residual feeding internal waves (<0.2
TW)>. Energy is also diverted into the ageostrophic circulation (~3 TW)™,
which is mostly dissipated in the mixed layer and is largely unable to con-
tribute to mixing at depth™. Surface wind and waves generate vertical
diffusivities in excess of 10> m’s™" in the surface boundary layer™. If the
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Fig. 2 | Illustration of the main relations existing
between external forcings, controls and flow pat-
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Fig. 3 | Schematic showing four different scenarios. a Buoyancy forcing applied at
the surface. This configuration corresponds to the horizontal convection regime,
where mixing is solely generated by flow instabilities. b Buoyancy forcing and
mechanical mixing, producing a deeper stratification and a stronger overturning
circulation. ¢ Buoyancy forcing and surface winds, in a configuration that resembles
tropical cells. In this configuration, wind-driven Ekman pumping maintains a

deeper thermocline and the interior flow is largely adiabatic. d Combined buoyancy
forcing, wind and mixing, in the presence of a circumpolar gateway (black dashed
line). The green dotted line represents the Ekman circulation cell and the orange
dotted line represents the circulation induced by eddies across the open channel.
This configuration bears much resemblance with the present-day deep and bottom
overturning circulation.
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Box 1 | Budget equations for mechanical energy (Fig. 4a)

The gravitational potential energy for the Boussinesq equations with a
linear equation of state is defined by:

U= g/ZpdV, 5)

where pis the in situ density, and z is the height relative to the sea surface.
Here and below, the integral is over the entire ocean volume. The kinetic
energy is:

1
K= §/p0|v|2dv, (6)

where v is the velocity, and pg a constant reference density. The energy
equations are:

au

=M — 7

= M, —C, @)
aK
= -D. 8
e W+®+C—-D ()

Equations (7) and (8) are illustrated in Fig. 4a. D is the viscous dissipation

stratification is stable, mixing converts small-scale turbulence to potential
energy. If it is unstable, convection enhances diffusivity to very large values,
acting as a net sink of potential energy (~0.24 TW?).

The breaking of internal waves, in part generated by flow over sharp
bathymetry near the seabed, is among the most important sources of interior
turbulence™. These waves can propagate long distances prior to breaking,
leading to a complex geography of mixing”. About 1 TW of tidal energy is
powering the internal wave field in the open ocean (the remaining ~2 TW
are dissipated in shelf seas) . It is likely that it is more than enough to
sustain the deep stratification™. Only about 0.3 TW of the tidal power input
to internal waves ultimately dissipates and causes mixing in the deep
(>1km) ocean™. Tidal and wind-driven internal waves combined with
geothermal heating and mixing in deep overflows/throughflows enhance
diffusivity near the seafloor, to values >10™*m’s ™", with much smaller
values in the interior ocean”, typically <10 m’ s~'—still significantly larger
than the molecular thermal diffusivity of ~10~" m*s™".

A remaining fraction of wind power input of ~0.6 TW enters the mean
geostrophic interior, with more than two thirds in the Southern Ocean™.
This energy is converted to mean potential energy through Ekman
pumping, then converted to eddy kinetic energy through baroclinic
instability”’. The generation of mesoscale eddies is a primary energy path-
way, parameterized in non-eddying ocean models as a density thickness
diffusion or equivalent™.

Depth-density streamfunctions

To move beyond global estimates, the energetics of the GOC can be dis-
played with the streamfunction in density-depth coordinates, y(p, z),
defined as the upward volume flux through the horizontal surface at depth z
with density smaller than p*. This representation of the overturning focuses
on the diapycnal flow, while adiabatic circulation is invisible. It can be shown
that the conversion C from potential to kinetic energy is given by the integral
of y(p, z) over the (p, z)-plane:

c= [ vip.2rdpiz. )

(which is positive definite), W the forcing by surface wind stress 1, and ®
the tidal forcing. The conversion (C) from potential to kinetic energy can
be obtained from two different but equivalent expressions (through
integration by parts). The first one is written in terms of the vertical velocity
w, and the second one in terms of the diapycnal velocity:

C:—g/ WpdV:g/ zv - VpaV. 9)
The effect of interior vertical mixing is given by:

M,:—g/;cg—g dV:po/xdeV, (10)

where k is the molecular diffusivity and N is the buoyancy frequency. We
have neglected penetrative solar heating and geothermal heating and
assumed that the surface buoyancy flux occurs at z = 0. Hence, this flux
does not directly affect the potential energy. However, it is key in gen-
erating the vertical density gradients onto which mixing can act. We
stress that a complete energy budget should be based on a nonlinear
equation of state to include important processes such as cabbeling or
thermobaricity, g ;-

Equation (1) shows that C is given by the product of the depth range, the
buoyancy range and the diapycnal volume transport. The sign of C in an
overturning cell determines the type of circulation. If the upwelling water is
denser than the downwelling water (such circulation is often called ther-
mally indirect, or mechanically forced), the circulation on the density-depth
plane is counterclockwise. Then y(p, z) and C are negative, i.e., kinetic
energy is converted to potential energy. In contrast, a positive conversion
(from potential to kinetic) is associated with a thermal direct cell upwelling
light water and downwelling dense

watefFigure 5 shows the density-depth streamfunction from the ocean state
estimate ECCOv4r4™, using potential density o, instead of in situ density as
the horizontal coordinate. Figure 5a shows the residual streamfunction y(o»,
z), which is the sum of the Eulerian (i.e., resolved) streamfunction v (Fig.
5b) and the eddy-induced (parameterized) streamfunction y;, (Fig. 5¢). The
eddy-induced streamfunction y;, given by the Gent-McWilliams (GM)
parameterization™, flattens out isopycnal surfaces to mimic the effect of
baroclinic instability, and is a sink of potential energy (thermally direct). As
expected, y and y, nearly cancel over a large part of the plane (Fig. 5b, c).

The GOC in ECCOv4r4 and other realistic ocean models consists
of two main cells, a deep and a bottom one (Fig. 1). In the bottom cell,
very dense Antarctic Bottom Water (AABW) is formed near Antarctica
through a combination of convection and deep overflows. This AABW
flows northward and is gradually lightened by mixing and geothermal
heating, thereby upwelling across isopycnals, which means that the
circulation is thermally direct (C is positive). In density-depth coordi-
nates, this cell corresponds to the thin red cells at o, > 37.0 (Fig. 5a), in
agreement with the density range of the blue bottom cell in depth-
latitude space (Fig. 1b).

In the deep cell, dense North Atlantic Deep Water (NADW) is formed
in the subpolar North Atlantic, flows southward at depths of 1-4 km, and
finally upwells in the Southern Ocean. This cell has density mainly in
35 <0, <37.0 in Fig. 1b (where it is red) and a (where it is blue). It is often
regarded as wind-driven and mainly adiabatic'*"*, although mixing con-
tributes as well'. It should then be very weak on the density-depth plane,
with only a small density difference between the downwelling and upwelling
water. This agrees with the very weak anticlockwise (blue) cell below 1000 m
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Fig. 4 | Diagrams of the ocean’s mechanical energy budget. a Budget when all
motion is resolved and described by the equations of motion, and b budget for the
large-scale mean ocean state when small- to meso-scale motion is parameterized. In
the former case, potential energy U is generated by molecular diffusion and con-
verted (C) to kinetic energy K. Kinetic energy is also powered by wind (W) and tides
(@) and eventually dissipated (D). The latter case b describes the mean large-scale
budget for the mean potential energy U, and mean kinetic energy K,, relevant to a
non-eddying ocean model, with parameterized turbulent mixing acting as a source
of mean potential energy, and convection and mesoscale eddy conversion acting as
sinks. Wind work on the large-scale surface velocities (W,,) is either dissipated
(mostly locally in the surface turbulent layer) or it powers the geostrophic circulation
through Ekman pumping.

in Fig. 5a. A puzzling aspect is the densification (probably cooling) of the
downwelling water along the indirect deep cell. It is not yet well understood
what causes this densification, but it could be related to convection, cab-
beling or some residual of the Deacon cell®”.

The integral over y gives a total conversion of 760 GW from kinetic to
potential energy (i.e., C,, is negative in Fig. 4b), while the integral over
gives a potential energy sink of 860 GW. This shows that the main path of
the energy transformation in this model begins with kinetic energy input by
wind stress, continues with transfer to potential energy via Ekman pumping,
and ends with the sink due to the eddy parameterization (which, crucially, is
not associated with a transfer to eddy kinetic energy as in the real ocean).
Since this parameterization is by definition adiabatic (except near the sur-
face), it is natural that y and v, nearly cancel out. Overall, energy transfers
relevant to the GOC represent a tiny fraction of the full energy budget.

On the horizontal convection regime

Energy estimates demonstrate the dominance of wind and tides in providing
energy to the general circulation. But one may wonder if the overturning
circulation would be qualitatively similar in their absence. A well-known

theorem about horizontal convection helps appreciating the differences.
Horizontal convection is here defined as a circulation solely forced by the
surface buoyancy fluxes (i.e., W=0 and @ =0, see Box 1), with a constant
molecular diffusivity". This circulation is illustrated in Fig. 3a.

At steady state, molecular diffusion must provide the source of energy
through conversion of heat to potential energy, in order to balance dis-
sipation (M; = C=D). The product of the molecular diffusivity and the
maximum buoyancy range therefore provides an upper bound on the total
viscous dissipation (see Eq. (10)). This result, known as the Paparella-Young
theorem'’, has been generalized to the case of a nonlinear equation of state
with separate molecular diffusivities for temperature and salinity***. The
upper bound obtained is 7.2 GW, which is significantly smaller than the
~100 GW estimated from ECCOv4r4 (Fig. 5), and orders of magnitude
smaller than observed rates of dissipation. This demonstrates that most of
the energy dissipated by viscosity must originate from external sources of
mechanical energy: winds and tides.

As pointed out by several authors, the Paparella-Young theorem does
not imply that the overturning circulation involved in horizontal convection
must be weak’®*’. Indeed, there is no direct connection between the viscous
dissipation D and the strength of the overturning, and simulations show that
horizontal convection can involve substantial overturning. However, the
upper bound on dissipation also applies to the conversion C, which is closely
related to the overturning.

The depth-density streamfunction helps to understand this constraint.
The water mass transformation is towards lighter water (v- V p < 0) at depth
and towards denser water (v - V p>0) at the surface, so the circulation is
clockwise in depth-density space, and y(p, z) is positive. Since the interior is
weakly stratified, with density close to that of the densest surface water, the
streamfunction y(p, z) has a very “thin” reversed-T1 shape, with a small
density range in the interior. Near the surface there is a wide range of
buoyancy in a thin boundary layer (a few meters thick only). Even if the
overturning (the magnitude of y) is large, Eq. (1) shows that conversion
remains small, as required by the Paparella-Young theorem.

Buoyancy driven circulations:

convection + mechanical mixing

We now consider the overturning generated by surface buoyancy forcing in
the presence of mechanical mixing. Such flows have been referred to as
“buoyancy driven circulations™**. This has introduced some confusion, as in
reality mechanical mixing is powered by wind and tides, while the buoyancy
forcing itself depends to leading order on the surface wind stress”. Similarly,
“wind driven circulations” are strongly shaped by the buoyancy-forced
stratification®". In fact, this terminology refers to a distinction between two
ways to control the circulation: mixing (diffusion/convection) in the
buoyancy driven case, and pumping in the wind driven case.

Simulations by general circulation models suggest that AMOC varia-
bility on decadal and longer timescales is dominated by changes in buoyancy
forcing™. There are also indications that AMOC weakening following an
increase in atmospheric CO, is mitigated by buoyancy changes, due to
freshwater” and/or heat fluxes™. Thus, it is worth exploring what the ocean
would look like without wind pumping. Mixing however is assumed to exist,
either in the interior, near the boundaries or both. As noted earlier, sub-
stantial overturning and a deep thermocline can also exist even with weak
mixing, depending on the basin geometry.

The concept of a “buoyancy-driven” overturning can be traced
back to the late eighteenth and early nineteenth century, when sailors
hypothesized that cold, sub-surface waters were likely of polar origin.
The concept was put on firm theoretical ground in a series of works by
Stommel et al.””. In these, the interior circulation is driven by uniform
upwelling which balances convective downwelling in various locations
and is linked by intense deep western boundary currents. One such deep
current was discovered beneath the Gulf Stream shortly thereafter™.
Diverse studies followed, both in the laboratory and numerically. Many
were influenced by scaling relations linking the overturning and ther-
mocline depth to the vertical diffusivity and large-scale buoyancy
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Fig. 5 | Streamfunction in density-depth coordi-
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gradient. These stem from the geostrophic, hydrostatic, and continuity
equations, combined with a simplified vertical advective-diffusive bal-
ance for buoyancy” ™. The resulting relations for the thermocline
depth, ki, and the overturning streamfunction, y, are:

2 1/3 1/3
< (E) v () @

where 3 = df/dy is the meridional gradient of the Coriolis parameter, f,
k, is the vertical turbulent diffusivity, Ab = max(b) — min(b) is the
large-scale buoyancy (b) difference in the domain and L is a horizontal
basin scale’™*"". The second relation predicts that overturning rates
should increase with both diffusivity and surface buoyancy forcing,
while the thermocline depth should increase with diffusivity but
decrease with buoyancy forcing. Note that these scaling relations rest on

some drastic simplifications, such as the assumption that the mer-
idional overturning transport scales with the zonal geostrophic
transport®. Yet, they have proved surprisingly effective at predicting the
broad characteristics of the overturning flow in a basin.

When matched to the observed thermocline depth and overturning,
the scalings require a diffusivity of ~10™* m’s™'*, much larger than the
~10"°m’s ' observed in the interior away from boundaries—the “missing
mixing” conundrum that initiated much research since'’. The discrepancy
stems from multiple factors, all pointing to the necessity of considering a
fully 3D description of the global circulation.

Failure of linear models and the importance of convection

Theoretical studies of the buoyancy driven circulation are based on the
“planetary geostrophic equations” (also known as the thermocline
equations™). These represent the simplest representation of basin-scale
ocean dynamics. The flow is incompressible, hydrostatic and geostrophic,
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except near the lateral boundaries where dissipation is required to satisfy no
lateral flow. The only nonlinearity in the planetary geostrophic equations is
in the buoyancy equation, due to horizontal and vertical advection. To solve
the equations analytically, one must linearize the buoyancy equation, by
assuming a uniform (and typically constant) mean stratification® .
Alternatively, an ocean model solving the primitive equations can be used to
solve the full nonlinear problem.

Comparing the linear and nonlinear solutions sheds light on the
interior flows. The flow is generated by an imposed buoyancy gradient at the
surface and is zonal. With buoyancy decreasing to the north, the thermal
wind relation requires that the zonal velocity increases with height from the
bottom, resulting in an eastward surface flow, both in nonlinear and linear
solutions. Upon encountering the eastern boundary, the zonal flow splits
northward and southward. The southward flow returns to feed the western
boundary current, also in both solutions. In the linear model, the flow is
westward also along the northern boundary. This effectively yields a double-
gyre circulation, cyclonic in the north and anticyclonic in the south®. In
contrast, the flow is eastward along the northern boundary in the nonlinear
model, and the surface flow in the western boundary current is strictly to the
north, yielding a single gyre®.

The significant difference between the linear and nonlinear solutions
is that convective mixing in the latter alters the stratification and greatly
enhances downwelling in the north (Fig. 6). Convection occurs over a
broad region in the north, but much of the sinking occurs near the eastern
boundary, where lateral friction breaks geostrophy and permits large
vertical velocities””. The mixed layer extends to the bottom, feeding a
westward flow at the northern boundary beneath the eastward surface flow.
In contrast, because the stratification is uniform and constant in the linear
model, the flow is confined to the thermocline and the overturning is much
weaker.

This illustrates the central importance of convection to produce an
overturning circulation in physical space. But exactly how convection affects
the circulation is rather indirect. Convection is not associated with any net
mass transport’’, and the overturning is only weakly affected by the rate of
convective adjustment™”". Instead, convection sets the properties of the
densest water, and dictates the depth of the overturning. The mixed layer
may extend to the bottom, or overflows can form downstream of topo-
graphic sills to reach the deepest basins.

Sensitivity to turbulent diffusivity

An increase in interior mixing leads to an increase in the strength of the
GOC”7*”, Changing the mixing (through the prescribed background dif-
fusivity) alters the supply of potential energy in a counter-intuitive way.
Mixing raises the center of mass, all other things being kept constant. But
stronger mixing changes the energy balance in such a way that increases
overturning and deepens the pycnocline. The net result is a lowering of the
center of mass of the water column, and an associated strengthening of the
circulation”. Furthermore, stronger mixing can increase the overlap in
density between the upper and lower overturning cells, which in turn can
increase the connection between the Atlantic and Pacific basins and lead to a
stronger GOC”.

The changes are sometimes, but not always, consistent with the ther-
mocline scalings (Eq. (2)). Diverse results indicate ¢ ~ «, with an exponent
n equal to two-thirds as predicted by the scaling”®*’®”” or smaller””*”.
Deviations could result from the surface restoring condition’®, the finite
depth of deep convection”, or from deviations from the assumption of a
vertical advective-diffusive balance for buoyancy””. The overturning
strength is also sensitive to whether diffusivity varies with the stratification,
and several authors have argued that mixing energy rather than diffusivity
should be kept constant in the scaling™*.

The strength and location of mixing impacts the distribution of
upwelling. While some studies indicate a weak dependence on spatially-
varying mixing’’, in others the spatial distribution of mixing is important for
the overturning®. Interior upwelling is much reduced with realistically small
vertical diffusivities, favoring the boundary currents***. Indeed, it is possible

that much of the GOC occurs near the boundaries, leading to a “pipe-like”
circulation®".

Numerical ocean models are useful to illustrate how mixing can impact
the GOC and alter the stratification of the ocean and allow for testing of
theoretical arguments and scalings. The general principle of stronger cir-
culation with stronger mixing is illustrated in a comparison between Fig. 7a,
b. In the latter, the increased diffusivity above 2000 m leads to a strength-
ening of the AMOGC, stronger diabatic character and a deepening of the
overall stratification. In an ocean model with an explicit diapycnal diffusivity
set to almost zero, the bottom cell is particularly weak, as is the abyssal
circulation in general®.

Effects of circumpolar gateway

The thermocline scalings (Eq. (2)) fail when a portion of the domain is
zonally unblocked, as in the Southern Ocean. In a channel, meridional heat
transport is mediated by eddies rather than a western boundary current. The
eddies are generated by baroclinic instability, requiring tilting isopycnals in
the interior”, and the resulting thermocline depth is much deeper than
predicted by scaling. The same is true with a northern basin joined to a
southern channel, assuming surface buoyancy fluxes produce denser waters
in the south than in the north. Then the deep thermocline extends into the
basin, all the way to the northern boundary, even in the presence of low
mixing™.

Simulations with realistic basins, prescribed turbulent diffusivity but
no winds confirm the presence of a deep thermocline™. This is also observed
by comparing the overturning circulation when the southern channel is
open (Fig. 7a) or closed (Fig. 7c) in an idealized model configuration forced
with the same applied wind. Stratification is deeper and the AMOC is
stronger when the channel is opened. However, the bottom cell is stronger
and extends over more of the water column if the channel is closed, indi-
cating a possible competition between the two cells. Similar results have
previously been found for both idealized”" and realistic models™ with
blocked Southern Oceans. This is also consistent with the picture emerging
of the early Eocene overturning with most modeling efforts and proxies
indicating southern-dominated overturning* (see Section “Continental
boundaries”).

Adding wind pumping to the picture

Ekman transport drives a large portion of the volume transport near the
ocean surface, and divergences and convergences in this transport control
much of the circulation in the upper 700 m of the ocean basins. Wind
pumping leads to the formation of wind-driven gyres in basins, with their
associated intense western boundary currents. The presence of the Southern
Ocean gateway greatly enhances the influence of Southern Hemisphere
westerlies, allowing these winds to impact the stratification and overturning
in the deep ocean. In this section we focus on the direct effect of wind
pumping on the circulation.

Winds over the ocean basins

The wind-driven gyres result from Sverdrup transport in a zonally blocked
geometry (as in a basin). The Sverdrup transport is returned in narrow
western boundary currents. As noted earlier, baroclinic gyres are sometimes
observed in numerical experiments forced by buoyancy only, but adding
wind forcing greatly increases their strength and it also generates a baro-
tropic transport™**”. The mean kinetic energy reservoir is more than an
order of magnitude greater than in the barotropic case™, as the Sverdrup
transport produces surface-intensified horizontal velocities in a relatively
shallow layer. Simultaneously, the strengthened western boundary current
becomes more unstable, increasing eddy kinetic energy in the domain. This
has a strong effect on air-sea buoyancy exchange***”, producing a non-
linear response of the circulation to wind changes.

Gyres are a three-dimensional circulation that projects onto the ver-
tical, modulating the stratification of the upper ocean (Fig. 3¢c). Pumping
(downwelling) in the subtropics and suction (upwelling) at the equator
generates a characteristic W-shape in isopycnal depths above 400 m in the
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Fig. 6 | Linear and nonlinear solutions for a buoyancy-driven circulation in a
square basin. Surface circulation in a a linear, analytical model and b a nonlinear
model solving the primitive equations using the MITgcm ocean model. The arrow
colors indicate the flow speed. Corresponding overturning streamfunction in c the
linear model and d the primitive equation simulation (red/positive is clockwise,
blue/negative is anticlockwise). The analytical model is obtained by assuming a
uniform (and typically constant) mean stratification. While such assumption is

acceptable to represent low and mid-latitude dynamics, it precludes high-latitude
convection, thus grossly misrepresenting the deep overturning cell. In contrast the
nonlinear model has a parameterized representation of convection, drastically
increasing vertical diffusivity in regions of static instability. As a result, it produces a
realistic overturning cell, illustrating the central importance of convection in setting
the deep overturning cell. Adapted from Gjermundsen and LaCasce”.

meridional plane (Figs. 1a and 7). The effects of wind on thermocline depth
have been explored in several studies that assume adiabatic circulation with
prescribed density at the surface’”. Extending these results to include
diabatic effects, it was found that two thermoclines exist in the limit of small
vertical diffusivity”. Closest to the surface is the ventilated thermocline, and

the depth of the wind-driven layer D, is controlled by the scaling,

1/2
e (1)
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Fig. 7 | Residual meridional overturning streamfunction for different idealized
configurations. Streamfunction computed in density coordinate, and then
remapped in pseudo-depth coordinate'”’, computed for three variants of the idea-
lized DINO configuration'” and run to near-equilibrium with the VEROS ocean
model'”. The contour interval is 5 Sv. Sigma-2 contours are superimposed in black
dashed lines. a The reference 1° configuration, has an elongated 5000 km-wide basin
with a 2500 m-deep re-entrant channel in the South (red box) mimicking the
Southern Ocean. A zonal wind is applied at the surface, together with thermal and
haline restoring to zonally-averaged climatological values. Eddies are parameterized
using a GM-like scheme. A vertical diffusivity profile is prescribed, with 0.3 cm®

-1
B
above 2000 m transitioning to 1.25 cm®s ™' below 3000 m'”. A typical overturning

40

20 60

structure is obtained, with tropical cells in the upper thermocline, a deep AMOC-like
cell and a bottom AABW-like cell originating from the southern edge. b The con-
figuration is run with a constant 1.25 cms™" vertical diffusivity up to the surface,
making the AMOC-like cell deeper and more intense but also more diabatic in the
interior. Similarly, the tropical cell becomes deeper and stronger with increased
diffusivity. ¢ When the southern channel is blocked, the AMOC-like cell is nearly
shut down while the bottom cell is now intensified due to a combination of wind
pumping, southern convection and deep mixing. On the other hand, the tropical
cells are nearly unchanged, illustrating their primarily wind-driven nature. The

pycnocline depth is about 30% shallower than in the case of an open re-entrant
channel.

npj Climate and Atmospheric Science| (2025)8:304


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-01185-8

Review

where W is the downward Ekman pumping velocity and the other para-
meters are as in Eq. (2). The diffusive thermocline lies directly below this
layer and its thickness follows Eq. (2). Though the direct effect of pumping
on the pycnocline depth is sizable in a closed basin, the effect on the deep
overturning strength is more limited” because the velocities that are directly
driven by the wind forcing are confined primarily to the upper 300-500 m of
the ocean.

Strong Ekman pumping in the equatorial Pacific and in the Atlantic
sector of the Southern Ocean leads to large heat uptake in these regions”. As
a result, more heating occurs close to the surface and less heating at depth
(facilitated by mixing); this reduces the amount of energy put into the ocean
circulation by heating at depth’'. Though equatorial heating in the Pacific
mainly affects subtropical cells, it is also thought to interact with the mid-
depth cell in the tropical Pacific, where large ocean heat uptake contributes
to the closure of the AMOC by transforming denser mid-depth waters into
lighter surface waters’'*’. These shallow overturning cells are obvious in the
GOC when computed in temperature or density coordinates (see Fig. 1b),
and contribute 40-50% of the peak Atlantic northward heat transport and
nearly all of the peak meridional heat transport in the Pacific basin'*"'*,
providing a strong feedback on the surface buoyancy forcing.

Southern Ocean winds

In the Southern Ocean, eastward winds drive northward Ekman transport
near the ocean surface'”. The resulting Ekman pumping steepens the iso-
pycnals, increasing the potential energy stored in the stratification. For a
zonal mean eastward wind stress of 0.1-0.15 N m 2, the Eulerian wind-
driven overturning (the so-called Deacon cell, green dashedline in Fig. 3d) is
about 40-50 Sv. The potential energy stored in the sloping isopycnals is
released by baroclinic instability and the resulting eddies transport buoy-
ancy and other tracers meridionally'”. The net circulation consistent with
air-sea buoyancy fluxes, the residual circulation'*™'", is of order 10 Sv, much
smaller than the wind driven circulation'””. Hence, the eddy-induced cir-
culation of 30-40 Sv nearly cancels the wind-driven component (orange
dashed line in Fig. 3d).

The residual circulation is a convenient framework to discuss the
transport of buoyancy and other tracers and the influence of the Southern
Ocean winds on the GOC north of Drake Passage (56-60°S). The adiabatic
component of the residual circulation joins the surface of the North Atlantic
with the surface of the Southern Ocean, crossing isopycnals only close to the
ocean surface'*'”. This component is represented by horizontal motions in
Fig. 1b, but cannot be seen in Fig. 5a because by definition the adiabatic
component of the circulation does not change density except at the surface.
Diapycnal upwelling in the Atlantic, Indian and Pacific also contributes to
the total AMOC transport'*'"", but the size of this contribution varies
between models**''* and between different climate states'".

The balance between pumping and eddies controls the slope of iso-
pycnals in the Southern Ocean, which, in turn, controls the stratification in
the Atlantic, Pacific, and Indian basins. A simplified budget of upper water
volume leads to a cubic equation'* for the depth of the pycnocline A,

TOLX

of

Cg, h3 + &hz _
pL, L

h—x,A=0, (4)

where the terms represent (1) deep water formation in the north, (2) the
eddy transport in the Southern Ocean, (3) the volume transported by
Southern Ocean Ekman transport, and (4) the transport across the pyc-
nocline by vertical diffusion (see caption of Fig. 8 for notations). This model
predicts that the stratification in the basins and the strength of North
Atlantic deep water formation is strongly influenced by both the wind and
the vertical diffusivity (Fig. 8b, e). If the Southern Ocean wind and eddies are
set to zero, then the classical scaling of Eq. (2) is recovered. In the adiabatic
limit (x, = 0), the depth of the AMOC is set by the depth of the isopycnal
associated with NADW formation'”, and the depth of this isopycnal is
controlled by the balance between wind and eddies in the Southern Ocean.

Various attempts at generalizing this simplified model have been
proposed, in particular to account for the interaction between lower and
upper overturning cells'”'" or to differentiate the pycnocline depth in the
Atlantic and Pacific basins and capture the dynamics of inter-basin
exchanges between them'”. It is believed that when the stratification is
shallow (like during glacial periods'”), dense AABW influences a wide
range of depths and NADW cannot penetrate deep into the ocean. When
the stratification is deeper (present day), AABW is more confined to the
abyssal ocean, allowing the AMOC to penetrate to greater depth.

Eddy saturation and eddy compensation

In the above paradigm, increased wind steepens the isopycnal slope until the
resulting eddy transport increases enough for equilibrium to be restored.
Yet, in the early 2000s, multiple high-resolution numerical studies have
shown that increasing wind directly drives more eddy transport without a
substantial increase in isopycnal slope nor, through thermal wind balance,
circumpolar volume transport—a process known as eddy saturation”"'*'"".
Recent work has shed new light on the physical mechanism underlying eddy
saturation'”’. Zonal momentum input by the surface wind stress is trans-
ferred downward to the bottom through a combination of (1) eddy form
stress and (2) residual overturning and associated Coriolis forces. The eddy
form stress due to transient eddies is set by the eddy energy, and the source of
this eddy energy must balance the bottom drag sink. In this regime, the
circumpolar volume transport (excluding any contribution from bottom
flow) is independent of the wind stress, but inversely proportional to the
eddy energy damping time scale.

As a result of eddy saturation, if the wind is already strong, further
increasing the wind may have a reduced impact on the residual overturning
strength—a process known as eddy compensation. Nevertheless, in most
eddy-resolving models, increasing the wind does tend to increase the
AMOC strength to some extent because this eddy compensation is
incomplete' >, and because changes in ocean surface wind affect the
surface buoyancy forcing, which itself controls the strength of the over-
turning circulation'”. The effects of partial and complete eddy compensa-
tion are illustrated in Fig. 8. In global simulations with parameterized eddy
saturation, the isopycnal slope, depth of ocean stratification,and GOCareall
found to increase with surface wind stress, albeit at a reduced rate'”. The
residual overturning is here sensitive to the time scale over which the
parameterized eddy energy is dissipated, highlighting the importance of
eddy dissipation processes in the dynamics of the GOC.

Complications due to thermohaline forcing and the nonlinear
equation of state

An aspect that can significantly complicate the picture is the competition
between heat and freshwater fluxes in determining the buoyancy forcing.
Under mixed surface boundary conditions, i.e., when imposing simulta-
neously a surface thermal relaxation and freshwater fluxes, multiple stable
states can exist””'**'**. It has been hypothesized that this may explain rapid
variability of the AMOC and associated abrupt climate changes during the
last glacial cycle although a definite proof is still lacking'**.

Under the on-going anthropogenically-driven climate change, fresh-
water input in the high latitudes is expected to increase which could have a
similar destabilizing effect on the AMOC. In fully coupled simulations,
freshwater input in so-called “hosing experiments” can weaken the
overturning’. Though it is often stated that freshwater impacts the over-
turning by hindering convection, the impact is actually rather on the mer-
idional buoyancy gradient itself*". It is also worth noting that in coupled
simulations with increased atmospheric CO,, freshwater input occurs
because of melting sea ice and increased run-off'”, both of which result from
a warming atmosphere. This is not the case in externally hosed
experiments'”, meaning the climate response can be very different (e.g.,
wide-spreading cooling at northern latitudes not seen in coupled
simulations).

The nonlinearity of the equation of state has also important effects
on the global water-mass distribution and global overturning
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Fig. 8 | Conceptual model of the GOC and associated scalings. a Conceptual model
created by Gnanadesikan'"* which uses simple scalings to model the volume
transport across the pycnocline in the North Atlantic, in the tropics and subtropics
and in the Southern Ocean. Important parameters include g’ the reduced gravity,
proportional to density difference between the two layers, K, the thickness diffusivity
associated with the eddy closure, 7, the Southern Ocean wind stress, fand 8 the
Coriolis and beta parameters at mid-latitude, and «, the vertical diffusivity. Geo-
metric parameters L and L} are the meridional widths of the channel and North

Wwind Stress (Pa)

wind Stress (Pa)

Atlantic, respectively, and L, is the zonal width of the Atlantic basin. Cis a constant
factor representing the geometry of the North Atlantic. The scaling thus obtained is
used to illustrate some basic sensitivities for, b the pycnocline depth; e the associated
overturning transport. Recent modeling studies suggest that increasing the wind
stress leads to an increase in the thickness diffusivity due to increased eddy
generation”. This produces so-called eddy compensation, illustrated in the center
panels cand fby setting K, proportional to 7o. In the bottom right panels d and g, T is
fixed at 10 Sv, synonymous with complete eddy compensation.

circulation'”. Tt influences the deep water mass layering through
thermobaricity'™* and subduction rates in the Southern Ocean through
cabbelling"*"*". This affects also the distribution of surface buoyancy
fluxes, favoring dominance of freshwater over heat fluxes in high
latitudes'. This happens primarily because the thermal expansion
coefficient increases with increasing temperature, making cold water
very weakly sensitive to heat fluxes and temperature stratification. This
nonlinearity provides a potentially powerful feedback mechanism
between the climate and the ocean stratification. In cold climates, salinity
becomes a stronger stratifying agent and the ocean becomes more stra-
tified and less well ventilated'*'**'**. This might explain the transition to
the Pleistocene cycle of ice ages, 2.7 million years ago'”.

Geographic controls

On geological timescales (>1 million years), geography itself becomes a
dominant control of the ocean circulation. At these long time scales, the
circulation can be considered in an equilibrium state set by the ocean-land
geometry and the surface forcing. Geography controls the circulation in
three main ways: through ocean basin geometry, modulation of mixing and
land orography (Fig. 9).

Continental boundaries

In the present-day, the most pronounced geometric characteristics are two
large inter-hemispheric ocean basins, separated by continents that form
meridional boundaries between them. Importantly, there is a circumpolar
channel in the narrow latitude band of Drake Passage that formed in the late
Eocene, about 40 million years ago, as South America and Australia gra-
dually separated from Antarctica'*’. The formation of this zonally re-entrant
channel was key to the establishment of the modern meridionally asym-
metric overturning'”.

Today, Northern Hemisphere deep water formation occurs pre-
ferentially in the Atlantic, though that has not always been the case. A
growing body of evidence points to a non-existent or weak AMOC in
the early Eocene, which over the next 50 million years evolved to the
strong inter-hemispheric circulation it is today'”. In contrast, a
stronger Pacific Meridional Overturning Circulation (PMOC) in the
early Eocene weakened over time, and in the last 15 million years has
become more of an occasional feature of the GOC"”'*’. These con-
trasting trends were probably linked to both geographic changes and the
overall cooling climate. An early constraint on Atlantic deepwater
formation was the Atlantic’s connection with a very fresh Arctic, which
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Fig. 9 | Schematic of geographic controls important to the GOC. Two large, inter-
hemispheric ocean basins of different widths are separated by continents of different
length (basin extents indicated by red arrows). In the Southern Hemisphere, the
open Drake Passage (green gateway indicator) allows for circumpolar flow and
facilitates a north-south asymmetry in the overturning. In the Northern Hemi-
sphere, freshwater is exchanged between the North Pacific, fresh Arctic, and North
Atlantic, through the Arctic straits. Atmospheric freshwater transport (cyan arrows)
is affected by orographic features such as the Rocky Mountains, which blocks
freshwater transport from the Pacific to the Atlantic, thus increasing the salinity of
the Atlantic at the expense of the Pacific'". In contrast, freshwater transport from the
Atlantic is carried unhindered to the Pacific by the Trade winds'”*. The elevated

Arctic gateways:
Pacific-Arctic-Atlantic
freshwater exchange

bathymetry:
facilitating mixing
and upwelling

Tibetan Plateau strengthens the East Asian monsoon circulation and the related
freshwater supply to the North Pacific'”’, and can therefore arresta PMOC in favor of
an AMOC"”. Bathymetry (brown box) facilitates mixing and upwelling. Because of
bottom drag and seafloor roughness, submarine topography (shaded and dashed
patches) catalyzes kinetic energy dissipation and mixing (brown wiggly arrows)'***",
thus setting the overall circulation balance and shaping the distribution of
mechanical mixing. The distribution and global magnitude of tidal dissipation are
sensitive to the arrangement of continental shelves and slopes as well as ridges,
seamounts and abyssal hills*”". In addition, the depth distribution of the seafloor
controls the rate of upwelling across isopycnals’.

reached salinities of order 20-25 g/kg in the early to middle Eocene''.
Recent studies have suggested that, leading up to the Eocene-Oligocene
Transition (~34 Ma) when Antarctica became glaciated, the temporary
restriction or closure of Arctic-Atlantic gateways led to a stepwise
increase in North Atlantic salinity and thus triggered the first deepwater
formation in the Atlantic'”’.

During the Miocene (23 to 5 Ma), as polar gateways continued to widen,
the tropical seaways narrowed, shoaled and eventually closed off freshwater
exchange between the Indo-Pacific and Atlantic basins at low latitudes. The
first to close off was the Tethys seaway around 14-22 Ma'* followed around
3-6 Ma by the Central American seaway'*. The exact impact of these tropical
gateway closures on the AMOC remains unclear; they have alternatively been
suggested as crucial“*'*® or inconsequential**'’ for the development of
the AMOC.

A more recent geographical development is the opening of the Bering
Strait, which created a northern passage between the Pacific and the Atlantic
near 5.5 Ma'*’. This probably enhanced freshwater transport from the Arctic
to the Atlantic and reduced the AMOC. This link between the GOC and
Bering Strait was evident in recent climate model simulations of the mid
Pliocene (~3 Ma), which had a closed Bering Strait and consistently featured a
stronger AMOC than in pre-industrial simulations with the same models™.
On more recent time scales, the strait is generally thought to have a stabilizing
effect on the AMOC", in that it allows for the reversal of the Pacific- Atlantic
freshwater transport when the AMOC is sufficiently weakened'*"'**, although
some studies conclude otherwise'*.

A continuous, large-scale paleogeographic change over the last ~50
million years has been the widening of the Atlantic basin at the expense of a

narrowing Pacific basin. Several idealized modeling studies have suggested
that the narrow width of the Atlantic makes it the preferred basin for
downwelling, with explanations focusing on both wind and freshwater
forcings in the basins**'**. In contrast, other studies found that a widening
of the Atlantic leads to an increase in AMOC, and that the increase is
sensitive to the meridional structure of, in particular, the American
continent'*. The paleorecord supports the latter result, with an increasing
dominance in the AMOC as the Atlantic widened'*. Finally, the lesser
southward reach of the African continent (33°S) relative to the American
continent (55°S), via its impact on Agulhas salt leakage, has been suggested

157

as another reason for preferential sinking in the Atlantic'”".

Bathymetry
Submarine topography is a critical ingredient controlling the GOC
through catalysis of dissipation and mixing, setting the overall circulation
balance and shaping the distribution of mechanical mixing. Friction at the
bottom boundary plays a fundamental role in breaking geostrophy and
allowing downslope flows that make up the downwelling limbs of the
GOC. The detailed shape of ocean basins is particularly influential for
tidal dissipation (Fig. 9). Given that tides are the leading contributor to
mixing in the ocean interior™, tectonics and changes in sea level can have
pronounced impacts on the GOC via tidal mixing'**'”. Sills and straits
connecting deep sub-basins also play an outsize role in shaping abyssal
circulation and stratification, because they host swift flows and extreme
turbulent mixing rates'*"'"".

Because seafloor-catalyzed turbulence is bottom-enhanced, and
because of geothermal heating, buoyancy gain in the deep ocean is largely
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Fig. 10 | Schematic of forcings important to the GOC in the Atlantic sector and
how they generate different flow patterns that collectively generate the mer-
idional overturning flow. Changes in sea ice extent, wind strength, cooling and
precipitation all have the potential to deeply impact the GOC. The wind strength
modifies the pumping and modulates gyres and Antarctic Circumpolar Current
(ACC) transports. Cooling and sea ice production activate deep convection in the
high latitudes, while precipitation can hinder it. Inter-hemispheric flow of water
masses depends on a three-way balance between deep water formation, northward

Ekman transport across the ACC and interior mixing. Eddy compensation partially
reduces the impact of southern winds on the residual overturning. Each major water
mass formation site is associated with a deep water mass: Antarctic shelves for
Antarctic Bottom Water (AABW), subpolar North Atlantic seas for North Atlantic
Deep Water (NADW) and the northern edge of the ACC for Antarctic Intermediate
Water (AAIW). The resulting overturning transport varies at all timescales, ranging
from interannual to multi-centennial, making it a great challenge to adequately
observe and to correctly reproduce in numerical models.

confined to a thin bottom ocean layer'** and it plays a key role in controlling
the circulation of AABW” and possibly NADW as well"’. In the current
ocean geometry, the seafloor is relatively abundant deeper than 2.5 km, and
relatively scarce between 0.5 and 2.5km depth. As a result, the abyssal
overturning is confined to depths greater than 2.5 km, creating a relatively
isolated and carbon-rich Pacific shadow zone between the wind-driven
upper ocean and the turbulent abyss”'.

A similar argument can be made for different (past) geometries.
Although the depth distribution of the seafloor in the deep past is poorly
known, it is likely that mid-depth oceanic shadow zones have existed and
varied in volume with plate tectonics (and shifting oceanic deepwater for-
mation sites). Such linkages between ocean circulation and seafloor dis-
tribution provide a plausible climate-geology coupling on million-year time
scales, potentially complementary to the silicate weathering and mountain
creation control on atmospheric CO,'**'*".

Orography

The topography of the land also exerts a first-order impact on the GOC,
both through its control of atmospheric freshwater transport and by
inducing the observed interhemispheric asymmetry of midlatitude
zonal wind stress, with much stronger westerlies in the Southern

Hemisphere'*. In general, present orography favors an AMOC at the
expense of a PMOG, as the removal of global orography tends to switch
deep overturning to the Pacific''**. The Rocky Mountains, the Tibetan
Plateau, and the Panama Isthmus are orographic features that influence
atmospheric freshwater transports in a way that redistributes fresh-
water from the Atlantic and Indian to the Pacific (Fig. 9). Here, the
Rocky Mountains are considered to be of major importance, but the
Rocky Mountains uplifted ~80 Ma and reached their current height at
~40 Ma, before the onset of the modern day AMOC, suggesting it is
merely a contributing factor to the Atlantic dominance of northern
overturning.

Conclusion

The overarching theme of this review is the great complexity of the global
overturning circulation (GOC), as illustrated for the Atlantic sector in Fig.
10. The GOC is not governed by a single dominant “driver” but rather
emerges from the interplay of multiple processes that vary in space, time,
and energetic contribution. We noted that the term driver can lead to
confusion; instead, it’s more accurate to consider power sources, controls,
and forcings separately. This is why we focused here on the controls of
the GOC.
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In summary (see Fig. 3):

+ Differential buoyancy fluxes at the surface, even in the absence of winds
or mixing, can produce a global overturning circulation with very
shallow stratification (horizontal convection regime).

* Mechanical mixing powered by wind and tides strongly enhances the
overturning produced by surface buoyancy fluxes, and is central to the
existence of a realistic stratification.

* Wind pumping generates shallow tropical cells and intense western
boundary currents, deepening the stratification in the subtropics.

* Westerly winds over the circumpolar Southern Ocean create an
upwelling hotspot that increases both the depth and the strength of
the GOC.

These different controls do not act in isolation (Fig. 2): they interact
strongly with one another and are also constrained by the geometry of the
physical boundary condition. Mechanical mixing enhances buoyancy-
driven convection by deepening the thermocline, which in turn modulates
the overturning response to wind forcing. The geographic coincidence of a
circumpolar channel with strong Southern Hemisphere westerlies is parti-
cularly effective at driving a vigorous inter-hemispheric overturning cir-
culation and at shaping the global stratification. This has major implications
for the GOC of the past, as this key coincidence has not been present during
much of Earth’s history.

In addition to external forcings, internal processes—particularly those
related to energy conversion and dissipation—play a fundamental role in
shaping the GOC. Eddies generated by baroclinic instability, especially in the
Southern Ocean, influence both isopycnal and diapycnal transport. However,
key questions remain about the fate of this eddy energy: How is it dissipated,
and what effect does this dissipation have on the large-scale circulation?
Current eddy parameterizations such as Gent-McWilliams (GM) eliminate
large amounts of eddy energy through idealized diffusion, but the real ocean
may redirect this energy through pathways such as convection or turbulence.
These uncertainties highlight the importance of better understanding how
energy dissipation shape the structure and variability of the GOC.

Future challenges

Climate models are essential tools for exploring the GOC, but they face
persistent challenges. Models continue to exhibit large disagreements in
how they simulate the GOC, especially in response to changing wind,
tidal, and buoyancy forcing. Convection, overflows, and internal mixing
processes remain poorly represented in climate models. Even increasing
the model resolution does not guarantee improved realism'**'’*—despite
prohibitive computational costs. As a result, predictions for overturning
strength in both modern and paleo-climate contexts vary widely across
models'”""”* leading to large uncertainties in projections of future heat
and carbon transport'"”. Of particular interest is the fate of the AMOC
under future climate. The AMOC is predicted to weaken, but not collapse,
according to most climate models'””. While the range of weakening by the
end of the 21st century is very large, models predicting larger AMOC
weakening are the ones associated with larger biases in ocean
stratification'”*, These discrepancies raise serious concerns about whether
our current models can be trusted to predict the evolution of the GOC in
the next century and beyond.

Furthermore, progress is limited by the metrics we use to evaluate the
GOC. Overemphasis on the maximum value of the AMOC streamfunction
may lead to misleading interpretations. The streamfunction in depth-
latitude space is dominated by stationary eddies, while density-latitude
space blurs the connection to surface air-sea fluxes (Fig. 1). The stream-
function in depth-density space captures the diapycnal component of the
flow, and can be readily connected to energy conversion (Fig. 5), however it
remains difficult to interpret, is not frequently applied, and has limited
information about the geometry of the circulation. Streamfunctions provide
information about the integrated flow, but are not straightforward to
compare to modern observations or proxies of past overturning'”. In this
regard, other diagnostics of deep ocean overturning, such as the ventilation

age of the water, the strength of deep Western Boundary currents, the depth
of convection, and tracers of water masses may be more useful. These may
also be more relevant for identifying features of the overturning that impact
its role in the carbon cycle. Understanding how these different diagnostics
relate to each other and what energy constraints shape their structure is an
important area for future research.

The configuration and sensitivity of the GOC have likely changed
substantially under different climate and geographic conditions in the past,
and will continue to evolve in the future. Changes in convection, mixing, and
wind-driven processes all contribute to long-term variability. Under-
standing these changes is critical not only for climate projections'*'”, but
also for carbon storage in the ocean and atmosphere'”*'¥, and even for
assessing habitability of ocean-bearing exoplanets™'.

In the long term, the ability to sustain global observations—from both
satellites'®” and in situ platforms'—will be critical to better constraining
and validating models'*. Coupled with new tools, better diagnostics, and a
deeper understanding of the physical and energetic constraints on circula-
tion, these advances will help us address one of the most pressing challenges
in oceanography: understanding and predicting the variability and future
evolution of the GOC.

Data availability

The ECCO Version 4 Release 4 Dataset used to produce Figs. 1 and 5 is made
available publicly by the ECCO Consortium on the portal https://ecco-
group.org/products-ECCO-V4r4 htm. Figures 1 and 5 can be reproduced
using scripts and instructions provided in the repository: https://github.
com/fabien-roquet/ECCOv4r4_streamfunctions/ owned by F.R. Figure 7
can be reproduced using scripts and instructions provided in the repository:
https://github.com/Titouan-Moulin/NW2_in_Veros/tree/main/review_
goc/ owned by T. Moulin and used with permission.
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