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The ocean contributes to regulating the Earth’s climate through its ability to transport heat from the
equator to the poles. In this study we use long simulations of an ocean model to investigate whether
the heat transport is carried primarily by wind-driven gyres or whether it is dominated by deep circula-
tions associated with abyssal mixing and high latitude convection. The heat transport is computed as a
function of temperature classes. In the Pacific and Indian ocean, the bulk of the heat transport is associ-
ated with wind-driven gyres confined to the thermocline. In the Atlantic, the thermocline gyres account
for only 40% of the total heat transport. The remaining 60% is associated with a circulation reaching down
to cold waters below the thermocline. Using a series of sensitivity experiments, we show that this deep
heat transport is primarily set by the strength and patterns of surface winds and only secondarily by dia-
batic processes at high latitudes in the North Atlantic. Abyssal mixing below 2000 m has hardly any
impact on ocean heat transport. A major implication is that the role of the ocean in regulating Earth’s cli-
mate strongly depends on how surface winds change across different climates in both hemispheres at
low and high latitudes.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

One of the most important contributions the ocean makes to the
Earth’s climate is through its poleward heat transport. The ocean
transports 3 PW of heat out of the tropics or more than 50% of that
accomplished by the ocean–atmosphere system, while its contri-
bution at higher latitudes is less than 10% of the total. This heat
is transported by a combination of shallow wind-driven gyres con-
fined to the tropics and subtropics, and deep circulations con-
nected to high-latitude convection. The partitioning of the ocean
heat transport (OHT) among these different circulations has impor-
tant implications for our understanding of the climate system. The
OHT associated with different circulations is affected by different
physical processes and identifying which circulations dominate
the OHT is tantamount to determining what oceanic processes con-
trol the OHT and more generally the climate. For instance, if abys-
sal circulations were responsible for much of the OHT, then climate
would be sensitive to the strength of abyssal mixing (e.g. Simmons
et al., 2004). If, on the other hand, North Atlantic Deep Water
(NADW) formation were critical, then high latitude air–sea fluxes
would be a crucial element of the climate system (e.g. Rahmstorf,
2002). Finally, if the shallow circulations of the tropics and sub-
tropics were responsible for transporting most of the heat, then
winds alone would be key in regulating climate (e.g. Held, 2001).
ll rights reserved.
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The goal of this study is to quantify the pathways of ocean heat
transport and the processes that drive it. Note that this work differs
from the vast literature on the meridional mass transport (see ref-
erences in Wunsch and Ferrari, 2004). The OHT depends both on
the surface winds, that drive the mass transport, and on the air–
sea fluxes, that set the temperature distribution. Hence changes
in OHT across different climates cannot be explained uniquely in
terms of changes in the ocean overturning circulation.

Despite its centrality to our understanding of the climate sys-
tem, the vertical structure of the OHT is poorly known. Hall and
Bryden (1982) and Roemmich and Wunsch (1985) analyzed hydro-
graphic measurements and concluded that in the North Atlantic
the OHT is achieved through the meridional overturning circula-
tion associated with deep flows, while in the North Pacific the
OHT is accomplished by the horizontal gyroscopic circulation
forced by surface winds. This conclusion was based on integral
measures that separated the OHT between vertical and horizontal
circulations – the former was interpreted as due to deep circula-
tions and the latter as due to wind-driven circulations. However,
this separation does not take into account the fact that all circula-
tions have both a vertical and a horizontal component, so that a
true distinction is not possible in this framework.

More recently Talley (2003) has attempted to estimate the ver-
tical structure of the OHT by separating the transport associated
with shallow, intermediate, and deep waters. She concluded that,
in the North Atlantic, the deep overturning contributes only 60%
of the OHT, a fraction much smaller than previously estimated.
However her result depends on a number of assumptions on the
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pathways of different circulations. A clear way of diagnosing the
vertical structure of the OHT is still lacking.

Boccaletti et al. (2005) introduced the concept of heatfunction to
quantify the structure of the OHT. The heatfunction is a two-
dimensional representation of the three dimensional pathways of
heat in the ocean. It allows to separate the contribution that shal-
low and deep circulations make to the total OHT. Boccaletti and
collaborators used the heatfunction to study the partitioning of
the OHT in a numerical model of the global ocean. Greatbatch
and Zhai (2007) extended the definition and applied it to climato-
logical data. In both studies the heatfunction indicates that most
pathways of heat in the ocean are surface intensified and confined
to tropical and subtropical latitudes. These results strongly suggest
that the OHT is primarily sensitive to low-latitude winds and less
to abyssal mixing and high latitude air–sea fluxes. However a de-
tailed quantitative study of how different oceanic processes affect
OHT is still lacking.

The main goal of this paper is to complete the analysis in
Boccaletti et al. (2005) and estimate the relative importance of
winds, abyssal mixing, and surface fluxes in setting the strength
and patterns of OHT. This is done by first extending the definition
of heatfunction by working in temperature coordinates. The new
definition has a simpler interpretation and is easier to compute.
Then the heatfunction is used to quantify how the OHT changes
in a series of sensitivity experiments in which we suppress convec-
tion with traditional water-hosing experiments, enhance abyssal
mixing, and change surface winds.

The series of sensitivity experiments confirm that changes in
high-latitude convection do interfere with NADW formation, mod-
ify the deep circulations and reduce the OHT associated with that
circulation. Abyssal mixing, instead, has no effect on OHT trans-
port, because it only affects cold abyssal circulations that do not
transport significant OHT. Most importantly the sensitivity to sur-
face winds dominates the response: both surface and deep circula-
tions are modified by changes in the winds. Focusing on the North
Atlantic, we show that cross-equatorial OHT, a feature which is of-
ten invoked as proof of the overwhelming role of the deep over-
turning (and therefore of high latitude convection) is in reality as
sensitive to winds as the shallow circulation. This suggests that
the OHT is very sensitive to changes in winds across different cli-
mates, probably even more than to changes in air–sea fluxes.

The structure of the paper is as follows: In Section 2, we intro-
duce the concept of heatfunction in temperature coordinates and
we compare it to the definition used by Boccaletti et al. (2005)
and Greatbatch and Zhai (2007). Section 3 introduces the numeri-
cal model used for this study. The climatology, heat transport and
heatfunction for the control run are presented in Section 4. The
sensitivity of OHT to changes in mixing coefficients, high latitude
buoyancy forcing, and winds are discussed in Section 5. Finally,
in Section 6, we offer our conclusions.
2. Heatfunction

The goal of this paper is to quantify the meridional transport of
heat by the various branches of the ocean circulation. The ocean
heat content is given by the product of the specific heat capacity
of seawater, cp, and the potential temperature referenced to the
surface, h. McDougall (2003) gives a detailed discussion of how
cph with a constant cp approximates the oceanic heat content. He
also shows that a better approximation is obtained by replacing
potential temperature with conservative temperature. Here we
will present the analysis in terms of potential temperature, the var-
iable used in our numerical model. However the analysis could be
easily carried through in terms of conservative temperature. Fol-
lowing common practice, we will use interchangeably the terms
temperature and heat content, but the reader should be aware that
heat content is the proper physical variable.

The overturning circulations of the global ocean are often repre-
sented in terms of the streamfunction associated with the zonally
integrated velocity field. Boccaletti et al. (2005) have recently
shown that the oceanic pathways of heat can be analogously rep-
resented in terms of a heatfunction associated with the zonally
integrated heat fluxes. The definition is analogous to that of the
streamfunction with one important difference. Only waters that
change temperature along closed overturning circulations contrib-
ute a meridional OHT. Waters that flow poleward and return equa-
torward at the same temperature, in the zonal mean, do not
contribute any net meridional heat exchange. Hence the heatfunc-
tion must be computed only from the heat flux that is associated
with waters changing temperature along closed circulations. The
idea is straightforward, but the actual calculation is technically
challenging because of the numerous interpolation steps necessary
to separate the different portions of the heat flux.

In this paper we adopt an approach similar to that of Boccaletti
et al. (2005), but we take zonal integrals at fixed temperature in-
stead of fixed depth. By averaging at fixed temperature, we auto-
matically filter out any recirculation of waters at constant
temperature. This avoids the problem of eliminating the part of
the heat flux not associated with OHT. The advantages are not only
conceptual, but also practical because the interpolation steps nec-
essary to compute the heatfunction are dramatically reduced.

Notice that this paper focuses on heat transport and hence we
sketch the derivation of the heat streamfunction, i.e. the heatfunc-
tion. However the derivation can be applied to any oceanic tracer
like salt, chemical and organic tracers. All one needs to do is re-
place h with the tracer of choice in the pages that follow. That
means that one replaces the averaging along temperature surfaces
with averaging along tracer isosurfaces. No restrictions apply: the
tracer can have sources and sinks and its profiles do not have to
be monotonously increasing or decreasing. The resulting tracer
streamfunction will describe the lines along which the tracer is
transported in a zonally averaged sense.

The heatfunction formalism introduced here applies only for
steady state problems, i.e. the tracer budget must be in steady
state. In practice one can take a long time average of the tracer
budget to minimize its variability. An extension of this work for
transient tracer budgets is left for a future study.
2.1. Heatfunction in two dimensions

Heat is transported poleward by the ocean if, on average, waters
moving polewards are compensated by an equatorward flow at
colder temperature. It is useful to illustrate how the OHT is
achieved in a two dimensional flow taken to represent the zonally
averaged ocean circulation. The meridional OHT by a two dimen-
sional circulation in the latitude-depth (y � z) plane is given by,

H ¼ q0cp

Z
vhdz¼ q0cp

Z
�@w
@z

hdz¼ q0cp

Z
@h
@z

wdz¼ q0cp

Z
wdh;

ð1Þ

where q0 is a reference ocean density. In deriving the above we
have written v = �@w/@z, in which w is the streamfunction for the
volume transport, and we made use of the fact that w = 0 at the
top and bottom of the two dimensional ocean. We also assumed
that temperature is a decreasing function of depth to convert the
integral from z to h-coordinates (this restriction is relaxed below).
The relationship H ¼ q0cp

R
wdh tells us that the OHT by oceanic

flows can be expressed in terms of the mass transport in tempera-
ture layers. This is the basic concept behind the definition of the
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heatfunction. The next section describes how to extend the formal-
ism to three dimensions.

Bryan and Sarmiento (1985), Klinger and Marotzke (2000), and
Vallis and Farneti (2009) went through a very similar argument to
show that the OHT is given by the integral of the mass streamfunc-
tion in temperature layers. Vallis and Farneti went a step forward
and used this relationship to compute the heat transport associ-
ated with surface and deep overturning circulations by splitting
the integral in two parts. The first integral was taken from the sur-
face temperature to the temperature separating surface and deep
circulations, while the second integral was taken over the remain-
ing cold temperatures. Our extension of the formalism to three
dimensions shows that this approach is not accurate, because it
ignores the OHT associated with overlapping circulations that span
the same temperature classes, i.e. the mixed overturning circula-
tions that we define below. While the contribution of mixed cells
is possibly small in the idealized study of Vallis and Farneti, it is
crucial for studies of the observed ocean heat transport especially
in the North Atlantic.

2.2. Heatfunction in three dimensions

Numerous studies have proceeded to integrate the complex
three-dimensional oceanic and atmospheric circulations in density
coordinates in order to obtain a description of the overturning cir-
culation (e.g. Andrews, 1983; Nurser and Lee, 2006). The overturn-
ing circulation in temperature coordinates is defined analogously,
but for the change of averaging coordinate (e.g. Saenko and
Merryfield, 2006; Czaja and Marshall, 2006). Here we wish to show
how this overturning circulation is related to the OHT. Consider a
zonal slice of ocean at a fixed latitude y, that is an x � z section
through the ocean. We define A(y,h, t) as the area of that section
below a certain potential temperature h,

Aðy; h; tÞ ¼
ZZ

h06h
dxdz: ð2Þ

The area A(y,h, t) can be changed either by horizontal advection of
water colder than h, or by diabatic heating and cooling, i.e. it satis-
fies the conservation equation (see Nurser and Lee, 2006 for a de-
tailed derivation of this equation),

@A
@t
¼ � @

@y

ZZ
h06h

v dxdz� 1
q0cp

@

@h

ZZ
h06h

Ddxdz; ð3Þ

where v is the meridional velocity and D includes all processes that
irreversibly modify the potential temperature of the fluid,

q0cp
Dh
Dt
¼ D: ð4Þ

Eq. (3) ignores any evaporation and precipitation at the ocean sur-
face. Addition of these terms is discussed in Appendix A.

Taking a long-time average of Eq. (3) to eliminate time depen-
dence (assuming that on long times the system is in equilibrium),
the equation for the time-averaged AðyÞ becomes,

@W
@y
þ 1

q0cp

@D
@h
¼ 0; ð5Þ

where we introduced the function W to represent the total horizon-
tal transport below a h-surface and D for the total diabatic heating
below the same surface,

Wðy; hÞ ¼
ZZ

h06h
v dxdz; Dðy; hÞ ¼

ZZ
h06h

Ddxdz ð6Þ

and the overbars denote long-time averages. It can be shown that the
function W is the streamfunction associated with the zonally aver-
aged mass flux in temperature coordinates (Nurser and Lee, 2006):
the transport of fluid with temperature between h and h + Dh is
(DW/Dh) Dh and hence the streamfunction’s isothermal derivative,
@W/@h, gives the meridional transport along an isotherm. The
streamfunction W differs in one important respect from the stream-
function in z-coordinates, in that it includes contributions both from
the zonal mean flow and from eddy motions generating correlations
between temperature layer thickness and velocity (eddy motions are
defined as departures from a zonal and temporal mean). Thus W de-
scribes the mass transport by both the zonally averaged flow and the
bolus flow due to eddy motions, i.e. it is the h-coordinate representa-
tion of the residual overturning streamfunction used in atmospheric
and oceanographic studies (Andrews, 1983).

Eq. (5) states that the y-divergence of the meridional mass
transport is balanced by the h-divergence of the diapycnal flux D.
We can introduce a heatfunction H(y,h) as,

q0cpW � @H
@h

; D � � @H
@y

: ð7Þ

The heatfunction so defined represents the pathways of heat
throughout the ocean in (y,h) space associated with the streamfunc-
tion W(y,h). We can show that H describes how heat is moved
around the ocean in response to irreversible diabatic heating and
cooling. Let us integrate Eqs. (7) and (5) over a region Rðy; hÞ com-
posed of waters colder than h and confined between a latitude y and
the northern edge of the ocean (shaded area in Fig. 1a),

Hðy; hÞ �
Z h

hB

q0cpWðy; hÞdh ¼ �
ZZZ

Rðy;hÞ
Ddxdydz; ð8Þ

where hB is the temperature of waters at the ocean bottom. The
heatfunction H(y,h) represents the northward transport of heat
across a latitude y and below a temperature h. This advective OHT
is balanced by the diabatic heat input in the whole region Rðy; hÞ
as sketched in Fig. 1a. Hence the heatfunction describes the north-
ward heat flux driven by diabatic heating and cooling. Any closed
circulation exchanging waters at the same temperature is automat-
ically filtered out, because it is not associated with diabatic heat
gain. Finally the value of the heatfunction H(y,h) at the ocean sur-
face is equal to the sum of the surface heat flux north of y and
any lateral diffusion across the zonal slice of ocean at y.

A major goal of this paper is to quantify the OHT by individual
branches of the overturning ocean circulation. Heatlines, lines of
constant H, often span more than one overturning streamfunction
loop, especially close to the ocean surface where different circula-
tions overlap. One can estimate the OHT by individual branches of
the circulation using a combination of heatfunction and stream-
function. Consider the circulation defined by a closed streamline
contour in Fig. 1b. A closed circulation transports zero mass across
any latitude y, but it transports heat because the northward flow-
ing waters have different temperatures than those flowing south-
ward. The temperature change results from the diabatic heating
the waters experience as they flow along the streamline loops. This
balance is expressed quantitatively by integrating Eq. (5) over the
region Rðy; hÞ enclosed by the latitude y to the south and the closed
streamline contour to the north (see Fig. 1b),

OHTðy; hu; hlÞ ¼
Z hu

hl

q0cpðWðy; hÞ �Wðy; hlÞÞdh

¼ �
ZZZ

Rðy;hÞ
Ddxdydz: ð9Þ

The temperatures hu and hl are the maximum and minimum tem-
peratures reached by the closed circulation at the latitude y. The
term q0(W(y,h) �W(y,hl)) is the meridional mass transport be-
tween h and hl: Eq. (9) states that the OHT associated with an over-
turning circulation is proportional to the mass transported by that
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Fig. 1. The three panels represent an idealized overturning circulation as a function of latitude and temperature. The bell shaped upper edge of the domain represents the
ocean surface temperature decreasing from the equator to the poles. Each panel sketches the balance between the northward OHT across a fixed latitude and diabatic heating
to the north. (a) The OHT across a latitude and below a certain temperature h is balanced by diabatic heating between the latitude considered and the northern edge of the
ocean. The heatfunction H(y,h) represents this OHT. (b) The OHT associated with a closed circulation is given by the diabatic heating in the area between the latitude
considered and the latitude reached to the north by that circulation. The relationship between this OHT and the heatfunction is given in Eq. (9). (c) The meridional OHT
associated with a circulation embedded in another flow is also given by the diabatic heating in the area between the latitude considered and the latitude reached to the north
by that circulation.
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circulation times the temperature difference it encounters as
pointed out by Czaja and Marshall (2006).

We can now use (9) to express the meridional OHT due to a
closed circulation in terms of the heatfunction and streamfunction,

OHTðy; hu; hlÞ ¼ Hðy; huÞ � Hðy; hlÞ � q0cpWðy; hlÞðhu � hlÞ: ð10Þ

For a closed and isolated circulation, defined by a zero streamline
contour W(y,hl) = 0, the meridional OHT is given by the difference
between the values of heatfunction at the coldest and warmest
temperatures spun by that circulation at y (Fig. 1b). For circulations
embedded in other flows, like that shown in Fig. 1c, one must fur-
ther subtract the OHT by the surrounding flow, q0cpW(y,hl)(hu � hl).

It is instructive to apply the heatfunction formalism to some
idealized flows. Consider the three global ocean circulations
sketched in Fig. 2. In the first panel, we have two isolated cells
at warm temperatures, while in the second panel we have an
isolated cell at cold temperatures. The OHT associated with each
of those circulations is easily estimated by computing the differ-
ence in H(y,h) between the top and bottom of the circulations at
each latitude. The situation is a bit more complicated for the cir-
culation depicted in the third panel, which is simply the sum of
the circulations in the first two panels. In the northern hemi-
sphere the warm and cold cells appear to be connected through
a circulation that spans the full ocean depth, much alike in the
real ocean (see the third panel of Fig. 3 below). There is a par-
ticular contour Wmixed that separates the core of the warm and
cold overturning cells. We can therefore estimate separately
the OHT by the warm and cold circulations applying Eq. (10)
with hl being the temperature that separates the two cells. We
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Fig. 2. The three panels represent three possible overturning circulations for idealized
temperatures. In the second panel there is a single deep overturning cell at cold temper
surface and deep cells are connected. The shaded area represent the area of diabatic he
can also estimate the global OHT by the full overturning circula-
tion in the northern hemisphere. This second estimate will be
larger than the sum of the heat transported by the warm and
cold cells, because it includes the contribution by the circulation
spanning the whole ocean depth (see Fig. 2). This contribution,
which we call the mixed mode, cannot be ascribed to surface
or abyssal circulation without additional information. Much of
the debate on whether the OHT is more sensitive to surface or
abyssal circulations is due to situations such as this, where there
is no complete separation between shallow and deep circulations
in a zonally averaged sense. In this paper we will use a suite of
numerical simulations to determine whether the portion of the
OHT due to mixed modes spanning the whole ocean depth is
more sensitive to surface or abyssal forcing.

The focus of this paper is on the OHT. However a tracer-function
can be defined for any oceanic tracer by replacing h with the tracer
considered and the heat equation (4) with the appropriate tracer
equation. We made no assumption on the form of the term D in
the rhs of Eq. (4); this term can include sources and sinks of tracers
or reaction with other tracers. Hence a tracer-function can be de-
fined for any chemical or biological tracer to describe its pathways
in a zonally averaged sense. Addition of sources and sinks at the
surface through air–sea fluxes is discussed in Appendix A.

The definition of heatfunction used in this paper is related to
those introduced by Boccaletti et al. (2005) and Greatbatch and
Zhai (2007). Boccaletti et al. (2005) start from the time and zonally
averaged heat equation in (y,z) space,

r � huh� jrhi ¼ 0; ð11Þ
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oceans. In the first panel there are only two isolated overturning cells at warm
atures. In the third panel, given by the sum of the circulations in the first two, the

ating that balances the meridional OHT across 20�N for each circulation.
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obtained from Eq. (4) by setting D ¼ q0cpr � jrh (the angle brack-
ets denote both zonal and temporal average). This budget states
that the sum of the advective and diffusive heat fluxes has zero
divergence. It is therefore possible to represent the heat fluxes in
terms of a heatfunction / defined as @z/ = q0cphvh � j@yhi and
@y/ = � q0cphwh � j@zhi. This definition is, however, dominated by
the advective heat flux associated with the recirculation of waters
at constant temperature which do not contribute to the vertically
integrated OHT. Boccaletti et al. (2005) show that these inconse-
quential advective heat fluxes can be eliminated in the definition
of the heatfunction by subtracting from h the mean temperature
along a streamline. Greatbatch and Zhai (2007) show that, more
generally, one can define / by integrating the heat flux along zonal
mean temperatures. This problem does not arise when averages are
taken at constant temperature, because the averaging filters out any
recirculation at constant temperature. Eq. (5) shows that the circu-
lation W is forced by diabatic heating, i.e. it includes only circula-
tions that cross isotherms.

There are two important differences between the heatfunction
used in this paper and the definitions in Boccaletti et al. (2005)
and Greatbatch and Zhai (2007). First, the heatfunction defined
in (7) represents the pathways of heat transported by the ocean
circulation, while the previous definitions included both advective
and diffusive heat transports. The difference is very small for the
real ocean, where heat transport by advective processes dominates
over diffusion. However in numerical models heat transport by dif-
fusive parameterizations can be substantial. Our focus here is on
diagnosing heat transport by different branches of the overturning
circulation and the present definition is more appropriate. Second,
the definition in Eq. (5) can be extended to non-conservative trac-
ers which have sources and sinks.
3. Numerical model and the mass transport streamfunction

The heatfunction approach will now be used to study what pro-
cesses control the OHT in a numerical model of the ocean. The
numerical experiments are carried out with the MIT general circu-
lation model (Marshall et al., 1997a; Marshall et al., 1997b). The
model has a horizontal resolution of 2.8� and 15 levels in the ver-
tical. The geometry is ‘realistic’ except for the absence of the Arctic
Ocean; bathymetry is represented with shaved cells (Adcroft et al.,
1997). The model is forced by observed monthly mean climatolog-
ical surface wind stresses from Trenberth and Olson (1990). The
surface heat and freshwater fluxes are each the sum of two terms:
(1) imposed monthly mean climatological heat fluxes and annual
mean evaporation–precipitation (Jiang et al., 1999), and (2) restor-
ing toward observed monthly mean climatological temperature
and salinity (Levitus et al., 1994) with time scales of 2 and
3 months, respectively. Freshwater fluxes are imposed as virtual
salt fluxes in the salinity equation. The model is therefore capable
of modifying its heat and salt fluxes in response to changes in the
circulation. No representation of sea-ice is included. All simula-
tions are initialized from Levitus climatology and run until they
reach equilibrium after 7000 years (the only exception is the
‘‘water hosing’’ experiment described below where equilibrium
was reached in 2500 years). All statistics are computed from the
last year of integration from monthly mean outputs (the model
has a seasonal cycle, but no interannual variability).

At the coarse resolution used in this study, processes such as con-
vection (Marshall and Schott, 1999), mixing (Ledwell et al., 1993),
and transfer of properties by the mesoscale eddy field (Gent and
McWilliams, 1990) are subgridscale and must be parameterized.
Convection is parameterized by enhanced vertical diffusion when-
ever the water column becomes statically unstable. Mixing is repre-
sented with eddy viscosities and diffusivities. The horizontal and
vertical viscosity are set to 5.0 � 105 m2 s�1 and 1.0 � 10�3 m2 s�1,
respectively. There is no explicit horizontal diffusivity. The vertical
diffusivity is one of the parameters that are varied across simula-
tions. It is set to 0.3 � 10�4 m2 s�1 in the control run. The physics
of mesoscale eddies is parameterized with an eddy-induced trans-
port (Gent and McWilliams, 1990) and an isopycnal diffusivity
(Redi, 1982). Tapering of isopycnal slopes is done adiabatically
using the scheme of Gerdes et al. (1991). Both thickness and isopyc-
nal diffusion coefficients are set to 1000 m2 s�1.

The model reproduces most of the features commonly associ-
ated with the large-scale ocean circulation: the equatorial current
system, the wind-driven gyres at mid-latitudes, the Antarctic Cir-
cumpolar Current in the Southern Ocean, and the formation of
deep waters at high latitudes (see Ferreira and Marshall, 2006).
For present purposes, we are interested in the overturning circula-
tion produced by the model. In Fig. 3 (left), we show the traditional
overturning streamfunction for the global ocean in z coordinates,

weulðy; zÞ ¼
Z Z 0

z¼�H
v dxdz; ð12Þ

where z = �H is the ocean bottom and the overbar represents a one-
year time average. The model reproduces the shallow wind-driven
overturning circulations in each hemisphere, divided into tropical
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and subtropical cells, whose structure in the horizontal constitutes
the familiar wind-driven tropical and subtropical gyres. There are
also overturning circulations associated with high-latitude convec-
tion and abyssal mixing, which constitute the bulk of the circulation
residing below the thermocline. In the Southern Ocean, a strong
Deacon cell reflects the circulation driven by the southern hemi-
sphere westerlies.

In Fig. 3 (middle), we show the residual overturning circulation,
i.e. the overturning circulation associated with the full meridional
mass transport given by the sum of the Eulerian meridional veloc-
ity, v, and the eddy-induced velocity parameterized with the Gent–
McWilliams scheme, vGM:

wresðy; zÞ ¼
Z Z 0

z¼�H
ðv þ vGMÞdxdz: ð13Þ

McDougall and McIntosh (2001) refer to the eddy-driven transport
as a quasi-Stokes drift for finite amplitude eddies. The residual
streamfunction is therefore the sum of the Eulerian and quasi-
Stokes transports and approximates a Lagrangian streamfunction,
i.e. the streamfunction associated with transport of tracers like tem-
perature (e.g. McDougall and McIntosh, 2001; Plumb and Ferrari,
2005). The only substantial difference between the Eulerian and
the residual streamfunctions shows up in the Southern Ocean.
The Deacon cell vanishes in the residual picture, because mesoscale
eddies drive an anticlockwise circulation that largely cancels the
mean Ekman circulation (e.g. Karsten and Marshall, 2002).

In the residual framework, the abyssal circulation is character-
ized by two deep overturning circulations of magnitude similar
to the two surface circulations. The northern hemisphere overturn-
ing associated with NADW formation is confined between the sur-
face cells and 2000 m, it contributes just under half of the
meridional mass transport at mid-latitudes and dominates north
of 50�N. Below 2000 m, the circulation is dominated by an anti-
clockwise circulation with a maximum transport of 8 Sv, repre-
senting the penetration of Antarctic Bottom Water (AABW).
When considering individual basins, we find that in the Atlantic
the deep overturning circulation reaches a maximum of 15 Sv,
while the surface wind-driven overturnings are somewhat smaller,
barely reaching 10 Sv. In the Pacific, the overturning circulation is
largely anti-symmetric about the equator and it is almost entirely
associated with the Ekman flows generated by the surface winds.
These circulations carry between 15 and 20 Sv in each hemisphere.

In Fig. 3 (right), we show the overturning circulation in temper-
ature space introduced in Section 2,

Wðy; hÞ ¼
Z Z h

hB

ðv þ vGMÞdxdz; ð14Þ

where h(x,y,z) is a two-dimensional isothermal surface and
hB = h(x,y, � H) is the temperature at the bottom of the ocean. De-
tails of the calculation are given in Appendix B. We use the sum
of the mean and eddy-induced velocities in the definition of stream-
function in temperature space, because the model advects temper-
ature with the sum of the two. (In an eddy resolving model the
eddy-induced contribution vGM would arise from temporal correla-
tions between v and fluctuations in the temperature surface h.)
Notice however that the definition in (13) includes only the
eddy-contribution due to the Gent–McWilliams scheme, while the
definition in (14) includes the additional contribution of correla-
tions between v and h due to time-mean departures from the zonal
mean, the so-called ‘standing eddies’. One can modify the definition
in (13) to include contributions by standing eddies, but the actual
computation is very noisy.

The mass transport in temperature coordinates shows that the
shallow overturning circulations associated with the wind-driven
gyres span the large temperature gradient associated with the
ocean thermoclines, while the deep and abyssal circulations span
cold waters with small temperature contrasts. In the previous sec-
tion we have shown that the OHT associated with an overturning
circulation is proportional to the strength of that circulation multi-
plied by the temperature difference it encounters (q0cpW Dh). The
shallow and deep circulations have comparable strengths, but the
shallow ones are better positioned to transport heat because of the
large Dh they span. The separation between shallow and deep cir-
culations holds well in the southern hemisphere. In the northern
hemisphere, instead, the two circulations partly overlap and a clear
partitioning of OHT requires a careful application of the heatfunc-
tion formalism as discussed in the next section.
4. Vertical structure of the heat transport

4.1. Global heat transport

The traditional way to diagnose the OHT is to compute the ver-
tical integral of the temperature flux q0cpvh across an east–west
section bounded by continents (Hall and Bryden, 1982). This en-
sures that, as long as the total mass flux across the section is zero,
the OHT is due to water flowing northward at one temperature and
returning southward at a different temperature. In Fig. 4 we show
the vertically integrated OHT in each ocean and the total transport
summed over all oceans as produced by the numerical model. The
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Fig. 5. (a) Streamfunction in latitude-temperature space for the control run. (b) The
corresponding heatfunction, whose contours describe the pathways of heat,
vanishes where no heat is being transported by the ocean circulation. It is positive
(negative) for heat moving northward (southward). The topmost value of the
heatfunction equals the total advective heat transport. In the top and middle panels,
black dashed lines represent the yearly mean and minimum surface temperature
(based on monthly averaged data) at each latitude. (c) Total advective heat
transport (solid black) and its partitioning among the four closed circulations
visible in the top panel: the contribution of the two shallow warm cells (dashed
black) and the two deep cold cells associated with AABW and NADW (solid gray).
The gray dashed line is the residual heat transport that cannot be ascribed to
individual circulations and is carried by a combination of the north hemisphere
warm cell and the NADW cell, here referred to as the mixed circulation.
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global OHT peaks at about 20� latitude, with maxima of 1.2 PW (1
PW = 1015 W) in the southern hemisphere and 1.3 PW in the north-
ern hemisphere. The model captures the differences in OHT among
different ocean basins: heat is transported northward at all lati-
tudes in the Atlantic basin and poleward in both hemispheres in
the Indo-Pacific basin. It also reproduces well the observed OHT
in the Indo-Pacific, but it underestimates the observed OHT in
the Atlantic by nearly 30%. This bias is associated with too cold a
Gulf Stream core and too warm a deep undercurrent core com-
pared to observations (not shown): the model is too coarse to cap-
ture the full OHT associated with boundary currents which are
barely resolved. Similar biases are found in most coarse resolution
ocean models used for climate studies (Jia, 2003). Our goal is to
quantify the sensitivity of OHT to changes in different branches
of the overturning circulation, so the absolute value of OHT is less
of a concern. However the model deficiency in reproducing some
components of the OHT becomes an issue when extrapolating
our results to the real ocean.

In order to identify the pathways of the heat transported by the
ocean circulation, we compute the heatfunction defined in (7). The
calculation is straightforward: one integrates with respect to h the
streamfunction shown in Fig. 5a. The heatfunction is defined posi-
tive (negative) for heat moving northward (southward). The con-
tours of constant heatfunction show heat flowing from the
atmosphere into the ocean at low latitudes and coming back to
the surface at higher latitudes. The topmost value of H(y,h) equals
the vertically integrated advective OHT, i.e. the total OHT minus
the heat diffused across the latitude y by the Redi diffusion which
parameterizes eddy transport of heat along isopycnals (Redi diffu-
sion is significant only in the Southern Ocean). Regions where the
heatfunction is zero do not contribute any OHT. A comparison of
panels (a) and (b) of Fig. 5 shows that the pathways of mass, rep-
resented by the streamfunction, are very different from the path-
ways of heat, represented by the heatfunction: the pathways of
heat are set both by the mass transport and by the air–sea fluxes.
This difference calls into question the paradigm of a global con-
veyor (Broeker, 1991) to describe the ocean circulation and its im-
pact on climate. Each oceanic tracer follows different pathways in a
zonally integrated picture as a result of the different sources and
sinks, even though all tracers are transported by the same three
dimensional velocity field. A conceptual model of the OHT based
on the mass streamfunction is clearly misleading.

The heatfunction in Fig. 5b is surface intensified with a maxi-
mum OHT of 1.3 PW at the surface and no contribution to the
OHT below 5 �C corresponding approximately to 2000 m. Virtually
all of the OHT in the southern hemisphere is achieved by a circula-
tion warmer than 10 �C confined to the upper 500 m; the abyssal
circulation associated with AABW disappears in the heatfunction
picture. In the northern hemisphere the heatfunction penetrates
deeper, because there are contributions from a shallow warm cell
and a deeper cold circulation associated with NADW. The heat-
function is confined between 50�N and 50�S – the OHT vanishes
poleward of 50�. Heat travels along continuous pathways that con-
nect the midlatitude subduction sites to regions of equatorial
upwelling. Note that there is no reduction in OHT in the latitude
band straddling the separation between the tropical and subtropi-
cal gyres; heat must be transported by the parameterized transient
eddies across these latitudes, i.e. the eddy-induced transport.

The slope of streamlines in latitude-temperature space provides
useful information on the ocean heat budget. The warm overturn-
ing cells are strongly tilted, i.e. they change temperature as they
move across latitudes, suggesting that they are exposed to strong
diabatic heating and cooling at all latitudes as per Eq. (5). The
dashed lines in Fig. 5a show the mean and coldest temperatures
found at the surface at a particular latitude. The warm overturning
cells are mostly confined to temperature classes that are entrained
in the surface mixed layer every winter and are directly exposed to
surface fluxes. The deep overturning cells, once they plunge in the
ocean interior, are nearly horizontal in latitude-temperature space,
because interior diffusion of heat is very weak and the overturning
streamlines do not drift significantly across temperature classes.

Using Eq. (10), we can compute the OHT associated with each of
the four closed circulations that describe the mass transport in the
zonal average (see Fig. 5a). In the southern hemisphere the shallow
warm circulation accounts for nearly all of the OHT as shown in
Fig. 5c (dashed black) with weak, and opposing, contributions from
the cold circulations associated with NADW and AABW (solid
gray). In the northern hemisphere the shallow and deep circula-
tions overlap and cannot be fully separated. Choosing the 11.5 Sv
streamline as the separatrix between the two circulations, we esti-
mate a peak OHT of 0.3 PW for the warm cell (dashed black) and a
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Fig. 6. (a) Streamfunction in latitude-temperature space, (b) heatfunction and (c)
decomposition of the OHT among the various circulations for the Atlantic Ocean in
the control run. Notations are as in Fig. 5.
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peak OHT of 0.05 PW for the cold cell (solid gray). The heat trans-
ported by these two cells falls short of the total advective OHT
peaking at 1.3 PW: most of the OHT cannot be ascribed to either
circulation separately and is due to the superposition of the two
circulations, the mixed mode (dashed gray). The difficulty in parti-
tioning the OHT among the various overturning circulations has
generated a vigorous discussion on the relative roles of shallow
and deep circulations in transporting heat. Here we tackle the
question with a series of sensitivity studies where we change the
strength of the various circulations and compute their impact on
the heatfunction and the associated OHT.

4.2. Atlantic heat transport

It is often argued that the OHT in the Atlantic is primarily asso-
ciated with a deep meridional overturning circulation that results
from NADW formation at high northern latitudes (Hall and Bryden,
1982). The argument goes that the deep circulation dominates the
OHT because it flows poleward at the surface and equatorward at
depth, therefore encountering a large top to bottom vertical tem-
perature difference. This is supposedly in opposition to the hori-
zontal transport in wind-driven gyres which have a meridional
overturning comparable to the deep circulation, but span the much
smaller east–west temperature difference.

The streamfunction for the Atlantic is shown in Fig. 6a.
Boccaletti et al. (2005) show that the traditional decomposition
into horizontal and vertical OHT1 used for example by Bryden and
Imawaki (2001) assigns, at 24�N, less than 0.1 PW to the horizontal
circulation and 0.8 PW to the vertical circulation. The overturning
circulation in latitude-depth space is indeed dominated by the deep
flow of NADW flowing into the abyss. The prevailing interpretation is
that this deep circulation carries the 0.8 PW and hence dominates
the OHT (Bryden and Imawaki, 2001). However, Fig. 6b shows that
the OHT is surface intensified and it is the result of a circulation
spanning both warm and cold temperature classes (Fig. 6a). Fig. 6c
confirms that the closed warm and cold circulations account for a
minuscule fraction of the OHT. Approximately 75% of heat is carried
by a larger cell enclosing both circulations which is likely sensitivity
to both high latitude convection and to subtropical winds.

Talley (2003) has recently attempted a careful partitioning of
OHT from observations. She found that the shallow circulation con-
tributes a large fraction of the OHT in the North Atlantic. Talley as-
sumed that the wind-driven OHT is carried by a closed circulation
confined to waters lighter than 27.3 kg m�3, the maximum winter
surface density for the North Atlantic subtropical subduction re-
gion. She estimated that 13 Sv are transported southward in the
gyre interior and returned northward in the Gulf Stream. The asso-
ciated OHT remained quite uncertain and ranged between 0.4 and
0.1 PW, depending on whether the bulk of the northward transport
occurred in the warmest core of the Gulf Stream or whether it was
spread uniformly over the whole Gulf Stream layer. We repeated
the same calculation with the model output and we obtained OHTs
of 0.5 and 0.2 PW depending on the choice of return temperature in
the Gulf Stream, values very close to those found by Talley. We
conclude that the bulk of the OHT in the Atlantic cannot be un-
iquely ascribed to shallow or deep circulations. Alternatively we
1 For any latitude y, the meridional velocity v and temperature h are separated into
zonally averaged baroclinic values, hvi(z) and hhi(z), and deviations from the zonal
averages, v0(x,z) and h0(x, z). The OHT can then be broken up into two components,

OHTðyÞ ¼
Z

q0cphvihhiLðzÞdzþ
Z Z

q0cpv 0h0 dxdz; ð15Þ

where L(z) is the width of the section at each depth. The vertical component (first
term) is interpreted as the OHT associated with abyssal circulations because it is
associated with a vertical overturning circulation. The residual (second term), in-
stead, is interpreted as the contribution of the horizontal wind-driven gyres.
will ask how sensitive is the OHT to changes in winds versus
changes in mixing and air–sea fluxes.

4.3. Indo-pacific heat transport

The heat budget of the Indo-Pacific basin is simpler to analyze,
because the surface and deep circulations are well separated in
temperature space and there is no ambiguity in partitioning the
OHT. Fig. 7b shows that the heatfunction, and hence the OHT, are
confined to the upper ocean with hardly any contribution from
deep circulations. The northern hemisphere surface cell transports
0.5 PW poleward in the upper 400 m, while the southern hemi-
sphere cell transports almost 0.8 PW poleward in the upper
700 m. The OHT in the southern hemisphere involves also a deeper
circulation connected to the Southern Ocean which contributes
less than 0.1 PW. These estimates are consistent with the obser-
vational results of Ganachaud and Wunsch (2003) and Talley
(2003).
5. Physical processes controlling the ocean heat transport

The heatfunction for the global ocean in Fig. 5 shows that a large
fraction of the OHT is carried by surface circulations in the tropical
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Fig. 7. (a) Streamfunction in latitude-temperature space, (b) heatfunction and (c)
decomposition of the OHT among the various circulations for the Indo-Pacific Ocean
in the control run. Notations are as in Fig. 5.
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and subtropical thermoclines, with an additional contribution from
the deep circulation associated with NADW. This suggests that the
OHT is more sensitive to the processes that drive the shallow circu-
lations and less to the processes that drive the deep and abyssal
circulations. While the effect of surface forcing and interior mixing
on the overturning streamfunction has been previously docu-
mented in the literature (e.g. Vallis, 2000; Saenko and Merryfield,
2005; Ito and Marshall, 2008), their effect on OHT is quite different
as we illustrate below with a suite of sensitive experiments.
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Fig. 8. (a) Streamfunction in latitude-temperature space, (b) heatfunction and (c)
decomposition of the OHT among the various circulations for the global ocean in the
enhanced abyssal mixing run (j is set to 0.3 � 10�4 m2 s�1 above 2000 m and to
1.7 � 10�4 m2 s�1 below). Notations are as in Fig. 5.
5.1. Abyssal mixing

The importance of the deep overturning circulation in trans-
porting heat is often invoked to motivate the study of abyssal mix-
ing in the ocean (e.g. Jayne et al., 2004). The argument goes that the
OHT is limited by the ability of the ocean to mix dense bottom
waters across the stratification of the abyss (e.g. Munk and Armi,
2001). However Fig. 5 shows that the OHT is largely confined to
the upper ocean away from the abyssal stratification. Studies of
deep abyssal mixing should be seen in this context. The mass
transport is sensitive to mixing, but the OHT in addition depends
on the temperature difference, which is small in the abyss (Bocca-
letti et al., 2005).
First we compare the changes in mass and heat transport be-
tween a simulation with a constant diapycnal mixing coefficient
of j = 0.3 � 10�4 m2 s�1 (the control run) and a simulation with
j = 0.3 � 10�4 m2 s�1 in the upper 2000 m and j = 1.7 � 10�4

m2 s�1 below (Bryan and Lewis, 1979). The Bryan and Lewis profile
is a crude attempt to include basic features of the vertical profile of
j observed in the real ocean. Measurements find that mixing is
weak and uniform in the upper ocean (Ledwell et al., 1993), while
it is enhanced in the abyss where topographic waves radiate from
bottom topography and break (Polzin et al., 1997; Naveira
Garabato et al., 2004). We set the abyssal value of diapycnal mixing
to 1.7 � 10�4 m2 s�1 so that the volume averaged j for the full
ocean is close to 1.0 � 10�4 m2 s�1, a value consistent with tracer
budget estimates for the global ocean (e.g. Wunsch and Ferrari,
2004). This simulation with an enhanced bottom mixing is argu-
ably our most ‘‘realistic’’ experiment.

Fig. 8 shows the volume transport for the simulation with the
Bryan and Lewis diapycnal mixing profile. The abyssal circulation
more than doubles in response to the enhanced abyssal mixing,
going from about 9 Sv in the control run with a uniform j to
21 Sv (Fig. 8). However the heat transport remains virtually un-
changed (compare Figs. 5 and 8), because there is hardly any
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Fig. 9. (a) Streamfunction in latitude-temperature space, (b) heatfunction and (c)
decomposition of the OHT among the various circulations for the global ocean in the
run with enhanced uniform mixing (j is 1 � 10�4 m2 s�1 everywhere, i.e. three
times the value used in the control run). Notations are as in Fig. 5.

180 R. Ferrari, D. Ferreira / Ocean Modelling 38 (2011) 171–186
OHT below 2000 m where j is enhanced. Notice that the model is,
in principle, free to adjust its surface heat flux in response to
changes in the circulation. We conclude that the abyssal overturn-
ing circulation and stratification are indeed controlled by abyssal
mixing, but the modeled OHT is not (see also Scott and Marotzke,
2002).

Saenko and Merryfield (2005) studied extensively the effect of
abyssal mixing on the circulation of an ocean model. They used a
parameterization of abyssal mixing which included modulations
by topographic roughness and by the intensity of bottom flows.
Consistent with our results, they found that the enhanced abyssal
diffusivity led to increased bottom water circulation and deep
stratification, especially in the Pacific. However, the OHT was unaf-
fected by the abyssal circulations because stratification is too weak
below 2000 m.

Our result that abyssal mixing has little effect on heat transport
seems at odds with a recent paper by Simmons et al. (2004), who
performed a study similar to that of Saenko and Merryfield but
came to the opposite conclusion that abyssal mixing can substan-
tially modify the transport of heat. In reality there is no contradic-
tion between their result and ours: Simmons and collaborators
compared a run with a constant diffusivity with one in which the
thermocline diffusivity was reduced and the abyssal one was in-
creased. They attributed the difference in heat transport between
the two runs to changes in abyssal mixing. However, as we show
in the next section, heat transport is very sensitive to upper ocean
processes and the difference in OHT between the two runs was
likely due to the different mixing rates in the thermocline.

5.2. Thermocline mixing

We now consider the circulation and heat transport resulting
from an increase of j throughout the whole water column, as op-
posed to the bottom-confined increase considered in the previous
section. The diapycnal mixing coefficient is increased uniformly to
j = 1.0 � 10�4 m2 s�1, a value three times larger than in the control
run. Fig. 9 shows that increasing j results in a doubling of the peak
heat transport in the southern hemisphere (from 1.1 to 2.2 PW)
and a smaller 0.2 PW increase in the northern hemisphere, i.e. a
15% increase. Hence mixing does affect the ocean heat budget
when j is increased throughout the whole water column, but not
when j is enhanced only below 2000 m.

A decomposition of the heat transport among closed circula-
tions confined to the upper ocean (warm cells), closed circulations
outcropping at high latitudes (cold cells), and mixed cells flowing
around the first two illustrates why the OHT is sensitive to where
mixing is enhanced. At the scaling level, one can write the heat-
function as the sum of three terms representing each circulation
– see Eq. (9):

H ¼ Hwarm þ Hcold þ Hmixed � q0cp½ðWwarm �WmixedÞDhwarm

þ ðWcold �WmixedÞDhcold þWmixedDhmixed� ð16Þ

where Wwarm and Wcold represent the magnitude of the warm and
cold overturning cells, Wmixed the value of the streamline separating
the warm and cold cells, while Dhwarm, Dhcold, and Dhmixed are the
temperature contrasts spun by each circulation. A comparison of
the bottom panels in Fig. 5 (the control run) and Fig. 9 (the run with
j = 1 � 10�4 m2 s�1) shows that in the northern hemisphere the
small increase in OHT is primarily associated with an increase in
Hwarm: the shallow overturning circulation strengthens in response
to the increase in j (Vallis, 2006). In the southern hemisphere, in-
stead, the large increase in OHT is associated with the appearance
of a mixed mode, i.e. a circulation encircling both the shallow and
deep circulations: Hmixed grows from �0.1 PW to �1 PW. The mixed
mode represents waters upwelling from the abyssal Southern Ocean
into the Pacific thermocline (Fig. 10). The upwelling results from the
balance w@zh � j@zzh and results into Wmixed � 10 Sv of waters rais-
ing from the abyss into the surface midlatitude waters and spanning
a Dhmixed � 25 �C. This gives Hmixed � q0cpWmixedDhmixed � 1 PW of
additional heat transport.

To further investigate the impact of diabatic mixing on the OHT
in the southern hemisphere, we run four different simulations
with uniform diffusivities of j = (0.2,0.3,0.5,1.0) � 10�4 m2 s�1. In
Fig. 11, we report the maximum heatfunction associated with warm,
cold and mixed circulations in the southern hemisphere from each of
the four simulations. As j is increased above 0.3 � 10�4 m2 s�1, a
mixed circulation develops and carries a growing OHT. In contrast
the shallow and abyssal circulations decrease with j, because
increasing j connects a progressively larger fraction of the two sep-
arate circulations which become part of the mixed one.

These simulations show that diabatic mixing contributes a sub-
stantial heat transport when it acts in the upper ocean, but not when
it is confined to the abyss. Mixing is particularly effective at trans-
porting heat if it is increased at the base of the midlatitude thermo-
clines (which corresponds to the base of the shallow circulations),
because it drives upwelling of abyssal waters towards the ocean
surface. This generates an overturning circulation spanning the
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Fig. 10. (a) Streamfunction in latitude-temperature space, (b) heatfunction and (c)
decomposition of the OHT among the various circulations for the Pacific Ocean in
the run with enhanced uniform mixing (j is 1 � 10�4 m2 s�1 everywhere, i.e. three
times the value used in the control run). Notations are as in Fig. 5.
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whole Dh between cold abyssal waters and warm surface waters
and drives a large OHT. While this is an interesting theoretical re-
sult, direct measurements argue against values of j > 0.3 � 10�4

m2 s�1 at the base of the ocean thermoclines and hence diabatic
mixing does not appear to play a major role in the ocean heat bud-
get. An important implication of this analysis is that, contrary to the
claim by Simmons et al. (2004), among others, tidally-driven mixing
is unlikely to drive a significant OHT because it is largely confined to
the abyss.
5.3. High latitude convection

The traditional view divides the oceanic circulation in a deep
overturning connected to high latitude convection, and a shallow
overturning driven by subtropical winds. Countless water-hosing
experiments have illustrated the effect of shutting off the NADW
formation on the OHT: once convection is shut off the Atlantic
overturning ceases to transport heat poleward, resulting in high-
latitude cooling (e.g. Bryan, 1986). This result has prompted a vast
literature on the role of convection in the North Atlantic on climate
change (e.g. Rahmstorf, 2002). However the impact of this shut off
on the Earth’s climate depends critically on what fraction of the
OHT is associated with the deep overturning circulation and
whether this circulation is only sensitive to freshwater fluxes or
also to other forcing like winds. We tackle the first question here
and address the role of winds in the next section.

The heatfunction analysis suggests that the bulk of the OHT in
the North Atlantic is associated with a mixed circulation that trans-
ports warm waters northward at the surface and cold waters
southward in the abyss (Hmixed in Fig. 6c, dashed gray). A deep cell
associated with high latitude convection contributes only 10% of
the OHT (Hcold in Fig. 6c, thick solid gray). To quantify what fraction
of Hmixed is associated with high latitude convection, we run a sen-
sitivity experiment in which deep water formation in the North
Atlantic is suppressed. To achieve this, the North Atlantic surface
waters are freshened by lowering the restoring sea surface salinity
uniformly by 2 psu poleward of 50�N. This results into an unrealis-
tically large perturbation of the salinity field, but our goal is to
completely suppress high latitude convection. The simulation is
started from the equilibrium state of the control run and reaches,
after 2500 years, a new equilibrium in which there is no deep
water formation – the high-latitude water columns remain stable
even through wintertime.

In Fig. 12, we show the streamfunction and heatfunction for the
water-hosing experiment. The mixed overturning circulation seen
in the control run (Fig. 6a) is nearly absent in the water hosing
experiment (Fig. 12a) as the water mass transformation in which
it is involved disappeared (1.5 Sv versus 8.0 Sv in the control
run). The cross-equatorial flow (and heat transport) also vanished.
The weak (�2 Sv) cell centered at (50�N, 10 �C) can be attributed to
the wind-driven subpolar gyre. The shallow subtropical circulation
is relatively unaffected by the collapse of the mixed circulation.
The disappearance of the mixed mode amounts to a drastic de-
crease of the Atlantic OHT from 0.8 PW down to 0.3 PW, a decrease
of approximately�60%, still much less than implied by studies that
assume that the bulk of the OHT in the North Atlantic is associated
with high latitude convection (e.g. Bryden and Imawaki, 2001;
Quadfasel, 2005; Kuhlbrodt et al., 2007).

The goal of the present experiment is not to simulate a realistic
Laurentian ice-sheep break-up or a climate change scenario, but
rather to set up a benchmark with a complete shutdown of deep
water mass formation in the northern hemisphere. That said, our
results, albeit extreme, are very similar to those seen in traditional
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Fig. 12. (a) Streamfunction in latitude-temperature space, (b) heatfunction and (c)
decomposition of the OHT among the various circulations for the Atlantic Ocean in
the ‘‘water-hosing’’ run (i.e., a simulation where the value of the surface salinity
restoring north of 50�N has been decreased by 2 psu). Note that the deep
overturning cell associated with NADW has disappeared. Notations are as in Fig. 5.
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Fig. 13. (a) Streamfunction in latitude-temperature space, (b) heatfunction and (c)
decomposition of the OHT among the various circulations for the global ocean in a
run with twice the wind stress used in the control run. Notations are as in Fig. 5.
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water-hosing experiments. Note that, differently from the usual
procedure, we do not directly control the anomalous freshwater
flux into the North Atlantic. The anomalous freshwater flux associ-
ated with the modified sea surface salinity restoring for the region
poleward of 50�N was as large as 3.6 Sv during an initial transient,
but it settled to 0.05 Sv within a century. Hence, the implied
change in hydrological cycle in the new equilibrium is rather small.

Finally, we ought to anticipate that changes in the deep overturn-
ing (and the associated mixed mode) are as sensitive to winds as to
deep water formation (see next section). Hence the impact of ice
melting on high latitude convection, OHT and climate must be as-
sessed against the competing changes in the atmospheric hydrolog-
ical cycle and wind patterns (see also Wunsch, 2010). Previous
water-hosing experiments focused on the effect of river runoff by
ice melting and implicitly assumed that the atmospheric circulation,
with its associated winds and freshwater fluxes, remained constant
through radically different climates. This seems quite unlikely.

5.4. Wind stress

The final suite of sensitivity experiments focuses on the role of
winds on the OHT. Wunsch and Ferrari (2004) show that the global
ocean circulation is powered by surface winds and hence we ex-
pect a strong sensitivity of OHT to winds. A comprehensive study
of the effect of winds on OHT should consider changes both in their
magnitude and in their spatial patterns – the overturning circula-
tion is sensitive to both the magnitude of the wind stress (e.g. Ek-
man flows) and its curl (e.g. Sverdrup flows). Such an endeavor is
well beyond the scope of this paper. Our goal is simply to empha-
size the strong sensitivity of OHT to surface winds, leaving the spe-
cifics to future work. We therefore run a series of simulations in all
equal to the control run, but where the surface wind stress was
multiplied by a constant factor. In this way the wind stress and
its curl were varied by the same amount.

The impact of the surface wind stress on OHT has been docu-
mented in recent papers by Saenko and Weaver (2004) and Vallis
and Farneti (2009). Our results are largely consistent with these
previous works, but our emphasis is slightly different in that we
wish to compare the impact of the surface wind stress to other pro-
cesses affecting the OHT.

Fig. 13 shows the overturning streamfunction and heatfunction
for the simulation where the magnitude of the wind stress is twice
that in the control run, an increase probably larger than in any cli-
mate experienced by the Earth in the past. The shallow warm over-
turning circulations are much stronger than in the control run, as
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might be anticipated because these circulations represent the
wind-driven gyres. Notice, however, that the mixed circulation,
representing the circulation of NADW, has also dramatically in-
creased. This is a result of the increase in the surface wind-driven
gyres and in the deep circulation pulled by the wind-driven
upwelling of waters in the Southern Ocean (e.g. Toggweiller and
Samuels, 1995; Wolfe and Cessi, 2010). The abyssal cold circula-
tions, instead, do not change much – in the model these circula-
tions are primarily convective.

The increase in shallow and mixed circulations results in close
to a doubling of OHT. Note, again, that the increase occurs both
in Hwarm and in Hmixed (Fig. 13c). The main point here is that
changes in winds drive changes in the heat transport associated
with the deep circulations in the North Atlantic. High latitude con-
vection is not the only process affecting this circulation and its
associated OHT.

To better understand the scaling of the OHT with the wind
stress, we run a suite of simulations where the wind stress was
0.5, 1.5 and 2 times the value used in the control run. The maxi-
mum value of the (global) streamfunction for the warm and cold
circulations in the northern hemisphere are plotted in Fig. 14 (left)
alongside with the value of the separatrix Wmixed between the two
cells. Both closed circulations and the separatrix scale linearly with
the wind, i.e. Wwarm,cold,mixed / s. The temperature stratification
hardly changes across these simulations, as it is strongly con-
strained by the same surface restoring. Therefore according to Eq.
(16), the three heatfunction contributions, and hence the total
OHT, also scale linearly with the wind Hwarm,cold,mixed / s – the cold
cell remains pretty insignificant because of the small Dhcold it
encounters. The heat transported by the warm and mixed mode
cells grows from 0.1 to 0.8 PW and 0.8 to 1.4 PW, respectively.
Taking (Wwarm �Wmixed) and Wmixed from Fig. 14, such heat trans-
port variations require Dhwarm � 6 �C and Dhmixed � 22 �C. These
are reasonable estimates of the temperature contrasts spun by
these circulations.

Our results are consistent with those in Vallis and Farneti
(2009). Vallis and Farneti using an idealized coupled ocean–
atmosphere model showed that the OHT scales linearly with the
surface winds if the ocean diabatic mixing is weak. We have shown
that the OHT is only sensitive to mixing above 2000 m and mixing
is typically weak in this upper part of the water column.

The linear dependence of the OHT on the winds for the deep
circulations should be taken with caution. We argued that this
scaling likely reflects the pulling by southern hemisphere wester-
lies. The upwelling of waters in the Southern Ocean is the result
of a competition of wind- and eddy-driven circulations (e.g.
Hallberg and Gnanadesikan, 2006). In our simulations the eddy
strength is parameterized with a constant eddy diffusivity and
does not change with the winds. In contrast, high resolution simu-
lations suggest that the eddy strength changes with winds in such
a way as to offset changes in the wind-driven circulation. It is
therefore likely that the sensitivity of the OHT to deep circulations
is overestimated in our simulations. This is, however, of little
importance for our conclusion that the OHT scales quasi-linearly
with the surface winds – the bulk of the OHT is indeed associated
with wind-driven subtropical overturning cells, which scale line-
arly with the surface winds. The deep circulations are less impor-
tant for the overall scaling.

Our conclusion is twofold. First, the OHT is very sensitive to
changes in winds, because a large fraction of this transport is asso-
ciated with the wind-driven subtropical gyres. Second, the smaller
fraction of global OHT associated with deep water formation in the
North Atlantic and Ekman upwelling in the Southern Ocean is also
sensitive to winds. Therefore the feedback of the oceans on climate
must be understood in the context of what the corresponding
changes in winds might have been. Water hosing experiments typ-
ically assume that the ocean response to massive ice melting is
limited to a decrease in high latitude convection and its associated
heat transport. However removal of large ice masses is likely to be
accompanied by changes in atmospheric wind patterns, which in
turn would induce changes in OHT. This conclusion is consistent
with the increasing evidence that the wind-driven circulation
and its coupling to the atmosphere is the largely unknown player
in climate change (Held, 2001).
6. Conclusions

The goal of this paper was to identify what physical processes
drive the ocean heat transport. This is often done by diagnosing
the meridional overturning circulation. We have shown that a
more quantitative picture can be inferred from a new diagnostic,
the heatfunction. The heatfunction is obtained by computing the
heat transport associated with different branches of the overturn-
ing circulation in temperature coordinates. In the Pacific and In-
dian oceans, the heatfunction shows that the bulk of the heat
transport is associated with tropical and subtropical wind-driven
gyres, despite the presence of strong circulations in the abyss. In
the Atlantic Ocean, instead, the heat transport is associated with
an overturning circulation that spans both the thermocline waters
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associated with the wind gyres and the deep waters formed
through high latitude convection. It is, however, erroneous to con-
clude that heat transport in the Atlantic Ocean is mostly sensitive
to changes in high latitude buoyancy fluxes and Southern Ocean
winds; in addition the heat transport is very sensitive to mid-
and low-latitude winds.

While the importance of surface and deep circulations to ocean
heat transport has been recognized in the past, the heatfunction
provides a useful diagnostic to objectively quantify the various
contributions. The heatfunction might prove very useful to test
the skill of ocean models used for climate studies. The Earth’s cli-
mate is very sensitive to ocean heat transport, but the diagnostics
typically used offer little insight on the pathways of heat through
models. Traditionally one looks at overturning streamfunction,
temperature, salinity, density sections, and the vertically inte-
grated heat transport. In addition the heatfunction shows whether
the overturning circulation is transporting water at the correct
temperature. Furthermore one could estimate the equivalent of
the heatfunction for other tracers like salt, chemical and biological
tracers providing additional tests on model skill.

The core of this paper was devoted to testing the impact of var-
ious physical processes on the ocean heat transport. A model of the
ocean circulation was run where diapycnal mixing, high latitude
convection, winds were selectively turned on and off. The heat-
function was used to quantify the changes in heat transport. The
main conclusions of the work are:

(1) Abyssal mixing below 2000 m has a profound impact on the
abyssal overturning circulation in the southern hemisphere,
but it has hardly any effect on heat transport. Abyssal waters
are formed through convection around Antarctica and return
still cold to the surface south of the Antarctic Circumpolar
Current, therefore never experiencing large temperature
variations which is a requirement to transport large
amounts of heat.

(2) Strong mixing at the base of the thermocline acts to increase
the ocean heat transport. For large diapycnal mixing rates
(j P 0.3 � 10�4 m2 s�1) the cold abyssal waters spreading
from the Southern Ocean into the Pacific and Indian Oceans
upwell into the subtropical thermoclines where they get
warmed, resulting into a large heat transport. This result
does not apply to the present climate, because mixing in
the upper ocean is observed to be weak and there is no evi-
dence of waters upwelling from the abyss into the subtrop-
ical thermoclines and contributing to ocean heat transport.

(3) The deep waters formed through convection in the North
Atlantic represent the northern limb of the overturning cir-
culation that transports heat in the Atlantic Ocean. We com-
pared the heat transport from two simulations in all
identical except for the surface buoyancy fluxes in the North
Atlantic. The simulation with present day forcing displayed
vigorous convection at high latitudes and a peak heat trans-
port of 0.8 PW in the North Atlantic. Convection was instead
completely absent in the simulation with weaker buoyancy
fluxes and resulted into a 0.3 PW of heat transport associ-
ated with the shallow wind-drive gyres. Hence water mass
transformations at high latitudes contribute �60% of the
North Atlantic heat transport and �40% of the total heat
transport.

(4) Winds are a crucial driver of ocean heat transport. The
amount of heat transported by the oceans is linearly propor-
tional to the magnitude of the wind stress (we did not study
the dependence on the wind stress curl). In the Pacific and
Indian Oceans this is obvious, because heat is transported
by the shallow wind-driven gyre circulations in the tropics
and subtropics. In the Atlantic Ocean, the additional heat
transported by an overturning circulation that spans the
whole water column from low to high latitudes is also pro-
portional to the wind stress – the strength of this circulation
is sensitive to both local ‘‘local’’ northern hemisphere and
‘‘remote’’ southern hemisphere winds.

Two implications of these results are worth emphasizing. Abys-
sal mixing, defined as mixing below 2000 m, was shown to hardly
affect the heat transport. Hence abyssal mixing by tides does not
appear to be an important feedback for ocean heat transport. Sim-
ilar conclusions have been reported from models that use more
sophisticated parameterizations of abyssal mixing by tides (Saenko
and Merryfield, 2006).

A second interesting implication is that the heat transport asso-
ciated with the deep circulations in the North Atlantic is as sensi-
tive to winds as it is to high latitude convection. Numerous studies
have shown that freshwater release by melting ice sheets can ar-
rest North Atlantic Deep Water formation and the heat transport
associated with the deep circulation in the Atlantic (e.g. Rahmstorf,
1996). However these studies ignore the strong sensitivity of this
circulation to changes in winds and atmospheric hydrological cy-
cle, both expected to change if a massive ice sheet should melt.
In Fig. 15 we show the vertically integrated heat transport from a
simulation where we increased the winds by 50% and completely
suppressed convection in the Northern Atlantic basin (a combina-
tion of the two experiments shown in Figs. 12 and 13). The result is
compared to the control run forced with present day winds and
freshwater fluxes (more details on the simulation are given in
the figure caption). In the northern hemisphere the changes in heat
transport are quite small because the decrease in ocean heat trans-
port associated with the shut off of convection is largely compen-
sated by the increase in wind-driven heat transport. The heat
transport increases in the southern hemisphere where winds are
the main driving mechanism. This simulation illustrates our point:
any speculation on the role of high latitude convection on the
ocean heat transport must consider the changes in wind patterns
associated with the redistribution of ice masses and/or the ocean
feedback on the atmospheric circulation. Furthermore it is changes
in both low and high latitude winds that matters. The recent
attention to the climate implications of shifts in winds over the
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Southern Ocean (Böning et al., 2008) must also be read with the
realization that most of the ocean heat transport is carried by the
wind-driven gyres in the tropics and subtropics.

We did not discuss extensively the role of geostrophic eddies in
driving ocean heat transport. We verified that the ocean heat trans-
port is weakly sensitive to changes in the eddy diffusivity, the
parameter that represents the strength of eddy mixing in the Gent
and McWilliams (1990) parameterization used in our model. There
are however reasons to suspect that this parameterization under-
estimates the role of eddies in driving ocean heat transport. First,
the parameterization ignores variations in eddy diffusivity in re-
sponse to changes in winds (Hallberg and Gnanadesikan, 2006).
Second, the parameterization does not include the diapycnal trans-
port driven by eddies in the surface mixed layer (Marshall and
Radko, 2003; Greatbatch and Zhai, 2007). We intend to pursue
these issues in future studies.
Appendix A. Mass streamfunction in the presences of
evaporation and precipitation

In this appendix we introduce the tracer transport function for a
generic tracer satisfying the equation,

Dc
Dt
¼ C; ð17Þ

where C includes all processes that irreversibly modify the tracer
concentration, i.e. mixing, source and sinks for chemical tracers,
interaction with other species for biological tracers. Furthermore
we will assume that there is a mass flux at the ocean surface, i.e.
we allow for evaporation and precipitation: E � P.

Let us define the area A(y,c, t) of that section below a certain va-
lue of tracer concentration c,

Aðy; c; tÞ ¼
ZZ

c06c
dxdz: ð18Þ

The evolution equation for the area A(y,c, t) is given by,
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@c

ZZ
c06c
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ðE� PÞHðc� csurf Þdx:

ð19Þ

The last term is the increase/decrease in area A(y,c, t) resulting from
evaporation and precipitation of water with a value of tracer con-
centration c = csurf. The function H is the Heaviside function which
is equal to one for c P csurf and zero otherwise. The equation for
A(y,c, t) can be equivalently written as,
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Notice that in order to obtain this equation we used the fact that the
Dirac delta function term resulting from the functional derivative of
the Heaviside function vanishes because (c � csurf)d(c � csurf) = 0.

A streamfunction and tracer transport function can now be de-
fined in analogy to what done for heat in Eqs. (6) and (8),

Wðy; cÞ ¼
ZZ

c06c
v dxdz; Hðy; cÞ ¼

ZZ
c06c

Wðy; cÞdxdz: ð21Þ

The main implication of the surface mass flux is that the overturn-
ing streamfunction W(y,c) does not necessarily vanish at the ocean
surface.
Appendix B. Calculation of the mass streamfunction in
temperature coordinates

The overturning circulation in temperature coordinates, W(y,h),
is computed as follows. The temperature and velocity fields, h and
v, are interpolated on a finer regular grid with a resolution of
Dz = 10 m in order to have a good resolution in temperature space.
The water column is then partitioned into a set of h-layers, with a
resolution of Dh = 1 K, and the meridional mass transport (v + vGM)
below each h-level is computed. Finer and coarser resolutions were
tested and found to produce very similar results. Summing the
contributions to mass transport along each latitude, for each
monthly mean and averaging over one year yields the result shown
in Fig. 3c.

It is important that the interpolation on the finer z-grid con-
serves the mass and heat transport produced by the model. Since
the model formulation predicts a transport within each z-layer,
the same vertical structure was kept when interpolating onto a fi-
ner z-grid, yielding a staircaselike profile, as in the raw model out-
puts. This procedure exactly preserves the vertically integrated
meridional mass transport at each grid point, but only approxi-
mately conserves the vertically integrated advective heat transport
at each grid point. The error in the latter was found to never exceed
1%.
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