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Abstract Surface buoyancy fluxes in the Southern and North Atlantic Oceans are presumed to
disproportionately influence the ocean’s residual global overturning circulation (GOC) with respect to those
in the Indo-Pacific. Here, this assumption is challenged through an assessment of global buoyancy transport
in the Community Earth System Model 1.0, which reveals that the steady state GOC is equally constrained
by surface buoyancy flux everywhere. Further, an unacknowledged aspect of the GOC is demonstrated: it
transports buoyancy from where it is gained at the surface, predominately in the Indo-Pacific, to where it
is lost, predominately in the Atlantic and Southern Oceans. This global buoyancy transport requires zonal
structure in the GOC, linking the Atlantic and Indo-Pacific within the Southern Ocean, asymmetry and
interbasin coupling absent from many conceptual descriptions of overturning dynamics. These results
compel a more nuanced appreciation for an Indo-Pacific influence in GOC evolution.

Plain Language Summary The great conveyor belt of global currents that transit the global
ocean—the global overturning circulation—carry with them heat, freshwater, and dissolved gases that are
essential to Earth’s climate. Changes in heating and cooling of the ocean surface, or changes to patterns of
precipitation, are known to influence this global-scale circulation, but a full understanding of the response
remains incomplete. In this study, we develop a new technique to study the global overturning circulation.
Our methods use the spatial patterns of ocean surface processes, for example, heating and cooling,
precipitation and evaporation, to infer circulation behaviors deep in the ocean’s interior. Historically, deep
ocean behaviors were thought to be influenced by surface processes occurring at the high latitudes. Here,
using this new technique, we find that surface processes at the low latitudes of the Indo-Pacific Oceans
are equally essential in determining the strength and structure of the global overturning circulation. As a
consequence, the climate that we experience at Earth’s surface may depend far more heavily on the
processes occurring at the equatorial Indo-Pacific Ocean surface than often assumed.

1. Introduction

The global overturning circulation (GOC) is a complex global circuit that connects all the major basins of the
ocean (Broecker, 1991; Gordon, 1986; Lumpkin & Speer, 2007; Schmitz, 1996; Talley, 2013). Its state—the spa-
tial pattern, sense, and strength with which waters circulate the interior—regulates the exchange of heat,
carbon, and other essential chemicals between the ocean and atmosphere. As such, a robust theory for global
climate evolution relies upon a robust understanding of what controls the GOC.

The three-dimensional complexity of the GOC has been appreciated for decades; however, its governing
dynamics have largely been explored in simplified ocean models (e.g., Gnanadesikan, 1999; Munk, 1966;
Stommel, 1961, and many others). In general, such frameworks strive to remain simple enough that the
response to a perturbation can be mechanistically understood while still including all fundamental ocean pro-
cesses. This idealized approach has afforded an increasingly nuanced assessment of the controls on the global
ocean state, yet in doing so, has relied on several key assumptions. Recurrent since Munk (1966) is the notion
that the GOC is highly sensitive to surface buoyancy fluxes at high latitudes, particularly the North Atlantic
and the Southern Oceans (Bell, 2015; Gnanadesikan, 1999; Jansen & Nadeau, 2016; Klinger & Marotzke, 1999;
Marotzke & Klinger, 2000; Nikurashin & Vallis, 2011, 2012; Radko & Kamenkovich, 2011; Samelson, 2009; Wolfe
& Cessi, 2011). In other words, these unique regions exert a strong control on ocean overturning from above.
In contrast, the Indian and Pacific Oceans are expected to influence global overturning through interior mix-
ing processes; these basins are assumed to control the GOC from below (e.g., Ferrari et al., 2014; Nikurashin &
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Vallis, 2011; Thompson et al., 2016). The assumed roles of each region in the global system are either implicit
in one-dimensional (Munk, 1966) or zonally averaged frameworks (e.g., Gnanadesikan, 1999; Nikurashin &
Vallis, 2011, 2012; Wolfe & Cessi, 2011), or explicit in those that include two northern basins (e.g., Ferrari et al.,
2017; Thompson et al., 2016). Critically, these expectations beget a third implicit assumption: the GOC is nei-
ther controlled nor constrained by low-latitude surface buoyancy fluxes and upper ocean dynamics in the
Indo-Pacific. In practice, the models discussed to treat the low-latitude surface as an infinite reservoir of heat
and fresh water through relaxation to prescribed boundary conditions; the majority omit any representa-
tion of the subtropical gyres dynamics, which physically separate the low-latitude surface ocean from the
deep global overturning below. Despite a marked evolution in conceptual descriptions of the GOC, from a
conveyor belt paced by North Atlantic Deep Water (NADW) formation rates (Broecker, 1987, 1991), to a more
complex global loop (e.g., Lumpkin & Speer, 2007; Talley, 2013), dependent on both NADW formation rates
and Southern Ocean buoyancy fluxes (e.g., Ferrari et al., 2014; Thompson et al., 2016), an assumption persists
that low-latitude surface fluxes will passively and indefinitely adjust to equilibrate high-latitude forcing and
interior dynamics.

In this study, we explore the possibility that the low-latitude Indo-Pacific may also influence the GOC from
above. Our motivation comes from the global surface buoyancy flux distribution itself, which combines the
effect of surface heat and freshwater fluxes on seawater density. For example, Figure 1 illustrates the surface
flux distribution from an unforced simulation in Community Earth System Model (CESM 1.0), described further
in section 2. This model simulates buoyancy loss from the high-latitude Atlantic and Southern Oceans, where
NADW and Antarctic bottom waters are formed and buoyancy gain in the Southern Ocean, where deep waters
upwell and are modified by the atmosphere. This pattern complies to expectations: these respective processes
are unique to each region due to numerous aspects of planetary and continental geometry or topography,
which constrain ocean-atmosphere coupling (as argued by, e.g., Czaja, 2009; De Boer et al., 2008; Ferreira
et al., 2010, 2017; Jones et al., 2017; Marshall & Radko, 2003; Nilsson et al., 2013; Toggweiler & Samuels, 1995;
Warren, 1983, among many others). Here we highlight another striking, rarely discussed feature of this distri-
bution: a peak in positive buoyancy flux in the low-latitude Indo-Pacific. This peak is also linked to continental
geometry: the equatorial Indo-Pacific (Figure 1c) accounts for the majority of the low-latitude ocean sur-
face area and incurs the majority of surface heat and freshwater fluxes, at these latitudes (consistent with
observations, e.g., Grist & Josey, 2003; Large & Yeager, 2009; see supporting information S1).

Crucially, to remain in steady state, the model’s interior dynamics must transport buoyancy between remote
regions of buoyancy gain and loss. Here we exploit this thermodynamic burden on the system to reassess
how the model’s Indo-Pacific participates in its GOC. To do so, we derive a theoretical, thermodynamically
based Buoyancy Transport framework, which uses the global surface buoyancy flux distribution as boundary
conditions on the interior GOC state, in section 2. We then apply our framework to unravel global overturning
pathways in CESM 1.0 in section 3 and discuss the implications of our model analysis for the real ocean system
in section 4.

2. The Buoyancy Transport Framework

We first develop the concept of buoyancy transport by extending the methodology behind the heat or salin-
ity functions, which trace oceanic heat and freshwater transports (e.g., Ferrari & Ferreira, 2011; Greatbatch &
Zhai, 2007; Zika et al., 2012). We instead apply these methods to buoyancy—the deviation in a water par-
cel’s gravitational acceleration away from it environment depending on temperature, salinity, and pressure.
Unlike heat or freshwater fluxes individually, the buoyancy flux field is coupled to the configuration of the
residual overturning circulation itself—the circulation along and across density classes (Döös & Webb, 1994;
Marshall & Radko, 2003). To demonstrate this coupling most clearly, we make several simplifications. First,
we define buoyancy as the departure in a parcel’s potential density, 𝜌, from a global reference density, 𝜌0:
b = − g

𝜌0
(𝜌 − 𝜌0), as referenced to 2000 db pressure and where g is gravity; densities will be expressed as

density anomaly 𝜎 = 𝜌 − 1000. We choose this definition despite compelling arguments for defining b with
respect to neutral surfaces (e.g., Groeskamp et al., 2017); doing so would be more physically precise but non-
conservative (McDougall et al., 2014). Second, we ignore geothermal heating, nonlinearities in the equation
of state (EOS), and assume a steady state. These simplifications are made in order to expose novel relation-
ships in the system that emerge when treating buoyancy as a globally conserved tracer. We interpret model
behavior from this perspective and leave an analysis of higher-order processes for subsequent work.
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Figure 1. (a) The meridional distribution of the zonally integrated surface buoyancy flux (m3/s3) from a preindustrial
control simulation in CESM 1.0, representing the global ocean (black), Atlantic Basin (magenta), and the Indo-Pacific
Basins (ceylon). The integrated buoyancy flux varies based on both meridional distributions of the zonal-mean
buoyancy flux (m3/s2) and the total basin width (m) as shown in panels (b) and (c), respectively.

First, consider the volume, V(𝜎, y), composed of all waters denser than 𝜎, between latitude y and the north-
ernmost point in the domain, yN, and between the eastern and western boundaries of the domain, XE

and XW ,

V(𝜎, y) ≡ ∫
0

−H ∫
yn

y ∫
XW

XE

(𝜎∗(x) − 𝜎)dxdydz. (1)

V(𝜎, y) is bounded in the interior by the isopycnal surface S𝜎 , defined by the depth of 𝜎 at each point between
latitude y and the location where 𝜎 intersects the surface. Here H is the depth of the ocean bottom, 𝜎∗(x) is
the density evaluated at position x, and  is the Heaviside function, where (n) = 1 for n ≥ 0 and (n) = 0
for n < 0. Within a closed basin, that is, XE and XW coincident with continental boundaries or spanning the
circumference of the Earth, dV

dt
depends only on the meridional transport of waters denser than 𝜎 and the

convergence of diabatic buoyancy flux, into V , as

dV
dt

= Ψ(y, 𝜎) − 𝜕

𝜕𝜎 ∫V
dV. (2)

Term Ψ(y, 𝜎) ≡ − ∫ 0
−H ∫ xW

xE
v(x)(𝜎′(x) − 𝜎)dxdz quantifies the meridional transport of waters denser than

𝜎, called the isopycnal or residual circulation, where v(x) is the local velocity. Term  ≡ D𝜎
Dt

= − 𝜌0

g
𝛁 ⋅ 𝜆 is

irreversible density tendency driven by a convergence of diabatic buoyancy flux, 𝜆, with contributions from
surface forcing,𝜆surf, and interior mixing𝜆mix. Equation (2) quantifies a balance between adiabatic and diabatic
volume transport, or water mass transformation (Walin, 1982), which is used widely (e.g., Marsh et al., 2000;
Nurser et al., 1999; Speer & Tziperman, 1992, among many others) and schematically depicted in Figure S1a.
Further, evaluating equation (2) for volume of the global ocean, one discriminates a (residually) adiabatic
component of the GOC (e.g., Han et al., 2013; Radko & Kamenkovich, 2011), while the latitudinal divergence
of equation (2) parallels equation 3 in Ferrari and Ferreira (2011) and follows from Nurser and Lee (2004).

NEWSOM AND THOMPSON 12,424



Geophysical Research Letters 10.1029/2018GL080350

In this study, we instead explore how this balance relates to buoyancy transport. We consider a steady state
and integrate equation (2) with respect to𝜎, so it simplifies to g

𝜌0
∫
𝜎′ >𝜎

Ψd𝜎′ = − ∫V ∇⋅𝜆dV . Given our assump-
tions, diabatic fluxes act only across the volume’s interior isopycnal surface and its surface outcrop north of y;
further, while S𝜎 will take on a complex shape, 𝜆mix is always perpendicular to S𝜎 , so equation (2) becomes

g
𝜌0 ∫𝜎′ >𝜎

Ψ(𝜎′, y)d𝜎′

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
1

= −∫
yN

y ∫
xW

xE

𝜆surf(𝜎surf − 𝜎)dxdy − ∫S𝜎

𝜆mix(x)dS𝜎

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
2

, (3)

where 𝜎surf(x, y) is the sea surface density. Here we have invoked the divergence theorem, ∫V ∇ ⋅ 𝜆dV =
∫S 𝜆 ⋅ n̂dS, and S is the bounding surface of V(𝜎, y). Equation (3) exhibits the balance of processes required to
avoid a buoyancy tendency within V : the total diabatic buoyancy flux into V (term 2) must be balanced by an
adiabatic, advective buoyancy transport (term 1), schematically depicted in Figure S1b. In other words, the
residual circulation,Ψ itself, must transport buoyancy. Physically, the flow of relatively light water in one direc-
tion must be balanced by the flow of denser water in the opposite direction to conserve volume in a stratified
ocean. Together, these opposing flows transport a perturbation in buoyancy along isopycnals and therefore
cannot persist without sources and sinks of buoyancy. We introduce a Buoyancy Transport Function, B(𝜎, y)
to quantify the total interior buoyancy Ψ transports across y and below a given 𝜎:

B(𝜎, y) ≡ g
𝜌0 ∫𝜎′ >𝜎

Ψ(𝜎′, y)d𝜎′. (4)

Function B is analogous to a broad family of transport functions used to study heat, salinity, and chemical
transport (e.g., Iudicone et al., 2011; Ferrari & Ferreira, 2011; Greatbatch & Zhai, 2007; Lund et al., 2011; Zika
et al., 2012) except here its streamlines map the interior pathways that buoyancy perturbations take between
surface sources and sinks. For this reason, through B we can constrain the structure of the residual circula-
tion itself from the surface buoyancy flux field. We define B̂(y) as the total northward buoyancy transport
across latitude y within a closed basin or for the global ocean, which can be calculated independently given
either knowledge of the surface buoyancy flux distribution (B̂surf.), or knowledge of the interior circulation and
stratification structure (B̂int.),

B̂(y) ≡ g
𝜌0 ∫𝜎′ >𝜎min(y)

Ψ(𝜎′, y)d𝜎′

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

B̂int.

= −∫
yN

y ∫
xW

xE

𝜆surfdxdy

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

B̂surf.

, (5)

following from equation (3), and where 𝜎min(y) is the minimum density at y. Equation (5) reveals that the
total residual circulation—integrated across all density classes at a given latitude—must be structured to bal-
ance all diabatic surface forcing within the basin to the north, a balance depicted in Figure S1c. Note that the
equivalence of B̂int. and B̂surf. requires a linear EOS, and will not be perfect in the real ocean or in complex cli-
mate models. However, equation (5) elucidates why the GOC depends on surface forcing in each basin: its
integral structure provides the oceanic mechanism of redistributing imbalances in surface buoyancy forcing
between them.

We adopt this perspective to examine how interior ocean behavior relates to the surface buoyancy flux dis-
tribution (Figure 1) in the fully coupled global climate model CESM 1.0, specifically in the final 30 years of the
1,300-year preindustrial (1850s) control run discussed in depth by Gent et al. (2011) and Danabasoglu et al.
(2012). The model has 60 vertical layers of varying thicknesses and an average 1∘ horizontal grid spacing. The
effects of transient ocean eddies are parameterized through a spatially varying Gent McWilliams coefficient
(e.g., Gent & Danabasoglu, 2011), and this velocity component is included in results below.

3. Application to a Global Climate Model
3.1. Global-Scale Constraints on Ocean Overturning
We begin by evaluating if the model’s surface buoyancy flux distribution meaningfully constrains its underly-
ing circulation by comparing B̂surf. to B̂int. (equation (5)) in Figure 2. As expected, the surface buoyancy budget
does not entirely close, and surface and interior calculations are not perfectly equivalent—we have neglected
time-dependent terms and nonlinearities in the EOS. However, their magnitude and large-scale character-
istics are encouragingly similar, particularly at low latitudes. In other words, in steady state, the integral
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Figure 2. Comparison between B̂int. (solid lines) and B̂surf. (dashed lines) [equation (5)] for the global ocean (black), the
Atlantic Basin (magenta), and the Indo-Pacific Basins (ceylon).

configuration of Ψ can be constrained from the global surface flux distribution, given no information about
interior dynamics. In the Atlantic, meager low-latitude surface buoyancy gains and excessive high-latitude
losses require that the basin-scale “total” residual circulation convey buoyancy northward across 30∘S (i.e.,
B̂surf.(−30) ≈ 3.7 × 108 m4/s3 in the Atlantic) and across all latitudes toward the high-latitude ocean surface.
In contrast, in the Indo-Pacific, the total residual circulation must export excess buoyancy out of the low lat-
itudes, poleward into both the Northern and Southern Hemispheres. Despite local redistribution, however,
the total surface buoyancy flux integrated over the entire Indo-Pacific basin remains significantly positive; this
basin-scale buoyancy surplus must be exported southward across 30∘S (i.e., B̂surf.(−30) ≈ −7.5 × 108 m4/s3

in the Indo-Pacific). Finally, in the Southern Ocean the partial cancelation of regional positive and negative
buoyancy fluxes implies that the total residual circulation at 30∘S is relatively small, in the circumpolar inte-
gral (here B̂surf.(−30) ≈ 2.3 × 108 m4/s3). However, in the Southern Ocean, Ψ must depart significantly from
its zonal mean in order to the satisfy thermodynamic requirements of the basins to its north. Specifically, to
facilitate buoyancy transport between the Atlantic and Indo-Pacific Oceans, as well as from each basin to dis-
tinct regions of the Southern Ocean surface, there must be a zonal component of the residual circulation, Ψ,
south of 30∘S. While we can infer fundamental zonal structure in the Southern Ocean from thermodynamics
alone, our finding is corroborated by observations of water mass properties, most recently Talley (2013), and
by dynamical arguments (Cessi & Jones, 2017; Ferrari et al., 2017; Thompson et al., 2016).

3.2. Interior Implications of Surface Constraints
To understand how the model’s overturning circulation accommodates surface buoyancy flux constraints
(Figure 2), we first examine the model’s overturning streamfunction Ψ in Figure 3. Two vigorous subtropical
circulations dominate the globally integrated circulation of low density waters (𝜎2 < 35.4 in Figure 3a). Denser
waters (𝜎2 > 35.4) appear to circulate meridionally in two counterrotating cells—often termed the Upper and
Lower Cell. However, this zonally summed structure hides highly distinct and interwoven basin-scale circu-
lations, complexity anticipated from previous work (Broecker, 1991; Gordon, 1986; Lumpkin & Speer, 2007;
Schmitz, 1996; Talley, 2013) and inferred here from thermodynamic arguments. While buoyancy constraints
require a zonal residual circulation in the Southern Ocean, as noted above, deciphering this structure is
beyond the scope of this study. Instead, we focus on the northern basins, particularly because these basins
are subject to significant and opposing residuals in basin-scale surface buoyancy flux.

The Atlantic circulation (Figure 3b) is dominated by a strong clockwise cell, associated with the formation of
NADW and its export into the Southern Ocean, a structure often termed the Atlantic meridional overturn-
ing circulation. A weak secondary circulation involving the inflow, transformation, and outflow of Southern
Ocean-sourced Antarctic bottom waters occurs across 𝜎2 > 37.25.

The Indo-Pacific circulation differs greatly from the Atlantic (Figure 3c). The circulation and transformation
of both dense bottom waters (𝜎2 > 37.25) and light thermocline waters (𝜎2 < 35.4) is strongest within
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Figure 3. Isopycnal (residual) overturning circulation, Ψ (Sv), summed (a)
globally; (b) across the Atlantic, and (c) Indo-Pacific. The spacing of 𝜎2 varies
to resolve details in surface, intermediate, and abyssal circulations.

these basins. Notably, a third circulation emerges between the abyssal and
near-surface circulation branches, strongest within the Southern Hemi-
sphere and spanning deep water classes (35.4 < 𝜎2 < 37.25), in other
words, depicting substantial inflow of water masses at equivalent densi-
ties to those flowing out of the Atlantic. ComparingΨ across 30∘S between
basins reveals that ≈45% of NADW (defined from circulation features here
as 37.2 ≤ 𝜎2 ≤ 36.5) flows from the Atlantic into the Indo-Pacific with-
out any residual transformation in the Southern Ocean. Instead, inflow-
ing NADW-like waters are destroyed through mixing with thermocline
waters and equatorial upwelling in the Indo-Pacific. These processes are
manifested as uninterrupted streamlines of Ψ, curving across deep water
classes up into the surface gyres near the equator in Figure 3c. This deep
circulation is consistent with a zonally summed projection of the interbasin
warm route or conveyor belt, argued for by Gordon (1986) and Broecker
(1987). We henceforth refer to it as the interbasin circulation, meant in
a thermodynamic sense, though its zonal details are beyond our scope.
Bear in mind, the canonical observationally based circulation inversion of
Lumpkin and Speer (2007) shows little direct interbasin transport. Instead,
they find that waters flowing into the deep and abyssal Indo-Pacific are
denser than those flowing out of the Atlantic, and therefore, they infer a
significantly stronger global abyssal overturning branch than shown here,
at 20.9 ± 4.9 Sv. However, recent dynamical arguments propose interbasin
flows may be greater than often assumed (Cessi & Jones, 2017; Ferrari
et al., 2017). We discuss how these model biases impact our conclusions in
Section 4.

Here, however, our goal is not to evaluate model fidelity but to demon-
strate how its simulated surface buoyancy flux distribution relates to its cir-
culation through the lens of buoyancy transport. As described in section 2,
B(𝜎, y) quantifies the cumulative buoyancy transport sustained by the cir-
culation of all waters denser than water mass 𝜎. To illustrate the spatial
configuration of B in relation to Ψ, we project both fields onto time- and
zonal-mean isopycnal depths in each basin (Figure 4). Streamlines of B
represent the total meridional buoyancy transport between the sea floor
and a particular depth at each latitude and should be interpreted as the
average interior buoyancy transport pathways supported by Ψ. Again, we
focus our analysis on distinctions between the Atlantic and Indo-Pacific,
given their opposing basin-scale residuals in surface buoyancy flux. In the
Atlantic, the coupled structures of Ψ and B reveal that the dominant clock-

wise Atlantic meridional overturning circulation transports buoyancy into the basin, and across all latitudes, to
be lost from the high-latitude surface. Physically, this transport is supported by the northward (southward)
flow of lighter (denser) water masses across all latitudes, in turn supported by local surface buoyancy loss and
compensating remote surface buoyancy gain.

The structure of B in the Indo-Pacific sheds light on how its basin-scale surplus in positive surface buoyancy
flux is transported from the basin. Near the surface, vigorous subtropical gyre circulations acting across highly
stratified waters, efficiently redistribute buoyancy from low latitude to midlatitude, as anticipated from previ-
ous analyses of oceanic heat transport (e.g., Ferrari & Ferreira, 2011). Thermocline transport (above∼400 m on
average) accounts for the meridionally symmetric component of B̂, and additionally, half of the total buoyancy
transport southward from the Indo-Pacific at 30∘, as warm surface waters leak from the basin to be modified
in the Atlantic and Southern Oceans.

Nonetheless, approximately half of the basin-scale surplus, B̂|30S, remains to be transported from the basin
by the circulation below. In this model, this transport is predominately sustained by the interbasin circula-
tion between 400- and 3,500-m depth and associated with densities of 35.4 < 𝜎2 < 37.25. Streamlines
of B clarify how this process relates to surface forcing: a positive surface buoyancy flux, predominately at
low latitudes in the Southern Hemisphere of the Indo-Pacific, lightens upwelling near-surface waters. This
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Figure 4. (bottom panels) The Ψ(𝜎, y) (shaded color contours) and B(𝜎, y) (overlaid red and blue contours) in the Atlantic (left) and Indo-Pacific basins (right) and
projected onto mean isopycnal depths. Note, contours of B are colored and annotated with arrows to denote the direction of buoyancy transport (red =
clockwise, blue = counterclockwise); streamlines of B start from (terminate at) surface regions of net positive (negative) buoyancy flux, illustrated in the top
panels and equivalent to Figure 1a. Contours separate intervals of 20% B̂ in the Atlantic and of ≈17% B̂ in the Indo-Pacific.

perturbation is effectively transported into the interior through mixing between subtropical thermocline
waters and intermediate waters below and the adiabatic sliding of water masses along tilted isopycnals. This
positive buoyancy perturbation is then conveyed southward across 30∘S, supported by the inflow of denser
NADW classes and outflow of lighter intermediate waters. In this model, meridional buoyancy transport in
the abyssal ocean is negligible since the abyssal circulation is relatively weak and acts across minimal strat-
ification: only 1% of B̂|30S occurs below 3,500 m (associated with 𝜎2 > 37.25), though it is probable that this
model underestimates abyssal buoyancy transport given the biases in its abyssal circulation. In a case more
consistent with Lumpkin and Speer (2007), for instance, a stronger (weaker) abyssal (interbasin) circulation
in the Indo-Pacific would require greater abyssal (reduced deep) water mass transformation north of 30∘S
within the basin, and stronger abyssal (weaker deep) southward buoyancy transport across 30∘S. In this case,
streamlines in B would stretch further into the abyss before curving out of the basin than those represented
in Figure 4 and would likely involve convoluted zonal pathways between basins in the Southern Ocean (e.g.,
Talley, 2013). Critically, however, our primary point remains the same: this scenario equivalently requires cou-
pling in the Indo-Pacific between thermocline, deep, and abyssal dynamics to sustain buoyancy transport into
its abyss and out of its southern boundary. In other words, streamlines in B must ultimately begin and end at
the surface.

4. Discussion and Conclusions

In this study, we demonstrate that the GOC is itself the oceanic mechanism to redistribute imbalances in sur-
face buoyancy flux between ocean basins; it is therefore inextricably coupled to, and quantifiably constrained
by, the global surface buoyancy flux distribution. Despite historic emphasis on the importance of surface
forcing in the Southern and North Atlantic Oceans (Bell, 2015; Gnanadesikan, 1999; Jansen & Nadeau, 2016;
Klinger & Marotzke, 1999; Marotzke & Klinger, 2000; Marshall & Speer, 2012; Nikurashin & Vallis, 2011, 2012;
Radko & Kamenkovich, 2011; Samelson, 2009; Wolfe & Cessi, 2011), the steady state GOC must be equally con-
strained by surface buoyancy fluxes everywhere. Ultimately, ocean overturning must export and destroy the
global dense waters formed in excess in the high latitudes of the Atlantic and Southern Oceans; however, it
must simultaneously export and destroy the global light waters formed in excess in the expansive low-latitude
Indo-Pacific.So long as the Indo-Pacific gains more buoyancy than it looses, the GOC cannot conceptual-
ized as a deep system, decoupled from shallower ocean dynamics; instead, this circulation involves the entire
global ocean.

We present a thermodynamically based perspective on the GOC that highlights potential limitations in many
conceptual or idealized ocean models, particularly in their treatment of Indo-Pacific processes. For instance,
abyssal Indo-Pacific mixing bears a widely appreciated, comprehensively explored influence on overturning
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dynamics (e.g., De Lavergne et al., 2017; Ferrari et al., 2016; Mashayek et al., 2015). However, abyssal mixing
is considered the singular influential Indo-Pacific process in many idealized ocean models, while Indo-Pacific
surface fluxes and shallow ocean dynamics are expected to adjust passively to the requirements of abyssal
dynamics (e.g., Ferrari et al., 2014; Nikurashin & Vallis, 2011, 2012; Radko & Kamenkovich, 2011; Thompson
et al., 2016). As a consequence, significant emphasis has been placed on the role of Southern Ocean surface
forcing in mediating the overturning circulation to its north (e.g., Ferrari et al., 2014; Sun et al., 2018;
Thompson et al., 2016), particularly so in frameworks that consider the Southern Ocean and global circula-
tion to be zonally symmetric (Bell, 2015; Gnanadesikan, 1999; Jansen, 2017; Jansen & Nadeau, 2016; Klinger
& Marotzke, 1999; Marotzke & Klinger, 2000; Nikurashin & Vallis, 2011, 2012; Radko & Kamenkovich, 2011;
Samelson, 2009; Shakespeare & Hogg, 2012; Wolfe & Cessi, 2011).

However, our analysis of buoyancy transport in the fully coupled climate model CESM 1.0 supports a more
nuanced view. In this model, the Indo-Pacific basin receives a significant surplus in positive surface buoyancy
flux. This basin-scale surface forcing pattern requires that Indo-Pacific thermocline processes be coupled to
processes in the Atlantic and Southern Oceans, since this surplus in buoyancy must be lost remotely in a
steady state. blackFurther, the global buoyancy flux distribution requires key zonal asymmetry in the circu-
lation south of 30∘S, without which buoyancy transport between the basins to its north cannot occur. Our
thermodynamic arguments align with previous work emphasizing the dynamical importance of a warm route
between Indo-Pacific and Atlantic Oceans (e.g., Beal et al., 2011; Broecker, 1991; Cessi & Jones, 2017; Donners
& Drijfhout, 2004; Gordon, 1986) and of zonal asymmetries in the Southern Ocean residual circulation
(e.g.,Ferrari et al., 2014, 2017; Talley, 2013; Thompson et al., 2016).

Of course, the surface buoyancy flux distribution analyzed here is highly influenced by oceanic and atmo-
spheric dynamics; inevitably, its details diverge from the real ocean. However, our primary conclusions follow
from basin-scale differences in surface fluxes and buoyancy transports, differences that are qualitatively cor-
roborated by observations (e.g., Ganachaud & Wunsch, 2003; Grist & Josey, 2003; Trenberth & Caron, 2001), as
discussed further in the supporting information S1. The specific model dynamics that support interior buoy-
ancy transport, however, are subject to important caveats, particularly in the deep Indo-Pacific. As discussed
in section 3, the abyssal circulation is much weaker than observational estimates, while the direct interbasin
circulation is too strong. Significant biases in abyssal properties are common in standard resolution climate
models: key bottom water formation processes are not resolved (Heuzé et al., 2013; Newsom et al., 2016), and
dense waters are often destroyed too quickly as a result of spurious explicit and numerical diffusion (Farneti
et al., 2015; Griffies et al., 2000; Newsom et al., 2016). Conceivably, the dominance of the interbasin circulation
described here results from abyssal biases or from similar biases in unphysical upper ocean mixing. However,
direct evaluation of the full-depth Indo-Pacific streamfunction against Lumpkin and Speer (2007) warrants
care: the authors note that their methods do not faithfully resolve upper ocean dynamics. Further, Donners
and Drijfhout (2004) argue that common inversion techniques, including those used by Lumpkin and Speer
(2007), drastically underestimate the volume of warm Indo-Pacific-surface waters that flow into the Atlantic.
Most importantly, despite the model’s inherent limitations, it exemplifies that a residual overturning circula-
tion must transport buoyancy around the global ocean to balance a heterogeneous surface buoyancy forcing.
This means that any exterior constraints on the surface buoyancy flux distribution must constrain the GOC,
notable, given that the Indo-Pacific accounts for the majority of the global ocean’s low-latitude surface area
(Figure 1c). Arguably, its distinct geometry may predispose the Indo-Pacific to serve as a buoyancy source to
the global ocean, reinforcing zonal asymmetry in surface buoyancy forcing between basins, across a range
of climate states. While similar exterior Atlantic and Southern Ocean constraints have been argued for exten-
sively (e.g., Czaja, 2009; De Boer et al., 2008; Ferreira et al., 2010, 2018; Jones et al., 2017; Marshall & Radko, 2003;
Nilsson et al., 2013; Toggweiler & Samuels, 1995; Warren, 1983; Weaver et al., 1999), here we emphasize that
any potential geometrical constraints or any influence of processes outside of the ocean, upon Indo-Pacific
surface forcing, must equally be accommodated by the organization of the GOC.

By construction, our arguments apply to a steady state system. However, they raise important questions about
low-latitude controls on GOC dynamics. The low-latitude Indo-Pacific is the most variable region of the ocean’s
surface over interannual time scales (e.g., Philander, 1983). However, the possibility that associated variations
in buoyancy forcing and/or mixing across the thermocline directly modulate global overturning through
interior oceanic pathways (without invoking atmospheric teleconnections) is critically underexplored. Note,
these regional variations could manifest in GOC variability at time scales longer than their interannual ori-
gin and shorter than the Pacific’s characteristic diffusive time scale. Instead, they could be reddened by the
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advective-diffusive dynamics of interbasin flows (e.g., Roe, 2009), possibly giving rise to global variability
over decadal or centennial time scales. Finally, our results are relevant to the ocean’s evolution between dis-
tinct climate states (e.g., Ferrari et al., 2014). Specifically, we emphasize that regardless of extreme shifts in
high-latitude processes during transient climate evolution, any equilibrated ocean state is ultimately con-
strained by low-latitude processes—changes in high-latitude buoyancy loss must be accommodated by
low-latitude buoyancy gains. Considerations of low-latitude glacial-interglacial dynamics could add nuance
to our understanding of climate shifts, and possible oceanic states, in the past and future.
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