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OCEAN MODELLING VOLUME

ABSTRACT

The ocean contributes to regulating the Earth’s climateuh its ability to trans-
port heat from the equator to the poles. In this study we usg &mulations of
an ocean model to investigate whether the heat transposgriged primarily by
wind-driven gyres or whether it is dominated by deep cirtokes associated with
abyssal mixing and high latitude convection. The heat pariss computed as a
function of temperature classes. In the Pacific and Indiaaocthe bulk of the
heat transport is associated with wind-driven gyres codftoghe thermocline. In
the Atlantic, the thermocline gyres account for only 40%hef total heat transport.
The remaining 60% is associated with a circulation reackimgn to cold waters
below the thermocline. Using a series of sensitivity expents, we show that this
deep heat transport is primarily set by the strength aneéattof surface winds
and only secondarily by diabatic processes at high latgudéhe North Atlantic.
Abyssal mixing below 2,000m has hardly any impact on oceat tiansport. A
major implication is that the role of the ocean in regulatitayth’s climate strongly
depends on how surface winds change across different elsnmaboth hemispheres

at low and high latitudes.
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1. Introduction

One of the most important contributions the ocean makesat&rth’s climate is through its
poleward heat transport. The ocean transports 3 PW of heaff the tropics or more than 50%
of that accomplished by the ocean-atmosphere system, whibentribution at higher latitudes
is less than 10% of the total. This heat is transported by abawattion of shallow wind-driven
gyres confined to the tropics and subtropics, and deep ationk connected to high-latitude
convection. The partitioning of the ocean heat transpart{Damong these different circulations
has important implications for our understanding of theelie system. The OHT associated with
different circulations is affected by different physicabpesses and identifying which circulations
dominate the OHT is tantamount to determining what oceamicgsses control the OHT and more
generally the climate. For instance, if abyssal circulaioere responsible for much of the OHT,
then climate would be sensitive to the strength of abyssaingi(e.g. Simmons et al. 2004). If,
on the other hand, North Atlantic Deep Water (NADW) formatigere critical, then high latitude
air-sea fluxes would be a crucial element of the climate syggeg. Rahmstorf 2002). Finally,
if the shallow circulations of the tropics and subtropicseveesponsible for transporting most of

the heat, then winds alone would be key in regulating clinfag. Held 2001).

The goal of this study is to quantify the pathways of ocear tieasport and the processes that
drive it. Note that this work differs from the vast literaguon the meridional mass transport (see
references in Wunsch and Ferrari 2004). The OHT dependsdoatihe surface winds, that drive
the mass transport, and on the air-sea fluxes, that set tipeetatare distribution. Hence changes
in OHT across different climates cannot be explained unygueterms of changes in the ocean

overturning circulation.

Despite its centrality to our understanding of the climatstem, the vertical structure of the
OHT is poorly known. Hall and Bryden (1982) and Roemmich anthg¢h (1985) analyzed hy-
drographic measurements and concluded that in the Nortinétlthe OHT is achieved through

the meridional overturning circulation associated witkegl@ows, while in the North Pacific the
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OHT is accomplished by the horizontal gyroscopic circolatforced by surface winds. This
conclusion was based on integral measures that separa€dHm between vertical and hori-
zontal circulations—the former was interpreted as due épa#&culations and the latter as due to
wind-driven circulations. However, this separation doettake into account the fact thall cir-
culations have both a vertical and a horizontal componerthat a true distinction is not possible
in this framework.

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

Boccaletti et al. (2005) introduced the concephettfunctiorto quantify the structure of the
OHT. The heatfunction is a two-dimensional representatiche three dimensional pathways of
heat in the ocean. It allows to separate the contributionghallow and deep circulations make
to the total OHT. Boccaletti and collaborators used thefbaation to study the partitioning of
the OHT in a numerical model of the global ocean. GreatbatchZhai (2007) extended the
definition and applied it to climatological data. In bothdis the heatfunction indicates that
most pathways of heat in the ocean are surface intensifiedanrfohed to tropical and subtropical
latitudes. These results strongly suggest that the OHTinsgpily sensitive to low-latitude winds
and less to abyssal mixing and high latitude air-sea fluxesveier a detailed quantitative study
of how different oceanic processes affect OHT is still lacki

The main goal of this paper is to complete the analysis in Blettt et al. (2005) and esti-
mate the relative importance of winds, abyssal mixing, antase fluxes in setting the strength
and patterns of OHT. This is done by first extending the dé&imibf heatfunction by working
in temperature coordinates. The new definition has a sinmierpretation and is easier to com-

pute. Then the heatfunction is used to quantify how the OHangks in a series of sensitivity
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experiments in which we suppress convection with tradgtievater-hosing experiments, enhance

abyssal mixing, and change surface winds.

The series of sensitivity experiments confirm that changdsgh-latitude convection do in-
terfere with NADW formation, modify the deep circulationsdareduce the OHT associated with
that circulation. Abyssal mixing, instead, has no effectQiiT transport, because it only affects
cold abyssal circulations that do not transport signifi€AfT. Most importantly the sensitivity to
surface winds dominates the response: both surface andoleelations are modified by changes
in the winds. Focusing on the North Atlantic, we show thassrequatorial OHT, a feature which
is often invoked as proof of the overwhelming role of the deegrturning (and therefore of high
latitude convection) is in reality as sensitive to windslasghallow circulation. This suggests that
the OHT is very sensitive to changes in winds across diftecmates, probably even more than

to changes in air-sea fluxes.

The structure of the paper is as follows. In section 2, wethice the concept of heatfunction
in temperature coordinates and we compare it to the definitged by Boccaletti et al. (2005)
and Greatbatch and Zhai (2007). Section 3 introduces theericah model used for this study.
The climatology, heat transport and heatfuction for ther@mun are presented in section 4. The
sensitivity of OHT to changes in mixing coefficients, higkitlade buoyancy forcing, and winds

are discussed in section 5. Finally, in section 6, we offercamclusions.

2. Heatfunction

The goal of this paper is to quantify the meridional transpbheat by the various branches of
the ocean circulation. The ocean heat content is given bgrbauct of the specific heat capacity
of seawaterc,, and the potential temperature referenced to the surfacéjcDougall (2003)
gives a detailed discussion of hayd with a constant,, approximates the oceanic heat content.
He also shows that a better approximation is obtained byacegd potential temperature with

conservative temperature. Here we will present the arslggerms of potential temperature, the
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variable used in our numerical model. However the analysiddcbe easily carried through in
terms of conservative temperature. Following common practve will use interchangeably the
terms temperature and heat content, but the reader shoalddre that heat content is the proper
physical variable.

The overturning circulations of the global ocean are ofgpresented in terms of the stream-
function associated with the zonally integrated velocydi Boccaletti et al. (2005) have recently
shown that the oceanic pathways of heat can be analogoysbsented in terms of a heatfunc-
tion associated with the zonally integrated heat fluxes. défaition is analogous to that of the
streamfunction with one important difference. Only watihiad change temperature along closed
overturning circulations contribute a meridional OHT. ¥fatthat flow poleward and return equa-
torward at the same temperature, in the zonal mean, do nttilmate any net meridional heat
exchange. Hence the heatfunction must be computed only thhenheat flux that is associated
with waters changing temperature along closed circulatidrhe idea is straightforward, but the
actual calculation is technically challenging becaus@efiumerous interpolation steps necessary
to separate the different portions of the heat flux.

In this paper we adopt an approach similar to that of Boctaetal. (2005), but we take
zonal integrals at fixed temperature instead of fixed deptyh.a®raging at fixed temperature,
we automatically filter out any recirculation of waters ahstant temperature. This avoids the
problem of eliminating the part of the heat flux not assodateth OHT. The advantages are
not only conceptual, but also practical because the inlatipo steps necessary to compute the
heatfunction are dramatically reduced.

Notice that this paper focuses on heat transport and hens&eteh the derivation of the heat
streamfunction, i.e. the heatfunction. However the déiovecan be applied to any oceanic tracer
like salt, chemical and organic tracers. All one needs tsdeplace) with the tracer of choice in
the pages that follow. That means that one replaces thegangralong temperature surfaces with
averaging along tracer isosurfaces. No restrictions apply tracer can have sources and sinks

and its profiles do not have to be monotonously increasingeoredsing. The resulting tracer
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streamfunction will describe the lines along which the éras transported in a zonally averaged
sense.

The heatfunction formalism introduced here applies ontysteady state problems, i.e. the
tracer budget must be in steady state. In practice one canaténg time average of the tracer
budget to minimize its variability. An extension of this ikdor transient tracer budgets is left for

a future study.

a. Heatfunction in two dimensions

Heat is transported poleward by the ocean if, on averagersvatoving polewards are com-
pensated by an equatorward flow at colder temperature. #afilto illustrate how the OHT is
achieved in a two dimensional flow taken to represent thelgoameeraged ocean circulation. The

meridional OHT by a two dimensional circulation in the latle-depthyg — 2) plane is given by,

15} 00
H =y [00ds=pue, [ =520 dz = ey [0 dz=me, [was, @

wherep, is a reference ocean density. In deriving the above we haiewr=-0v/0z, in which

1 1S the streamfunction for the volume transport, and we maseai the fact that)=0 at the

top and bottom of the two dimensional ocean. We also assunatdemperature is a decreasing
function of depth to convert the integral fromto #-coordinates (this restriction is relaxed below).
The relationshig = poc, [ 1d6 tells us that the OHT by oceanic flows can be expressed in terms
of the mass transport in temperature layers. This is the lsasicept behind the definition of the
heatfunction. The next section describes how to extendotmedlism to three dimensions.

Bryan and Sarmiento (1985), Klinger and Marotzke (2000) ¥allis and Farneti (2009)
went through a very similar argument to show that the OHT veigiby the integral of the mass
streamfunction in temperature layers. Vallis and Farnetta step forward and used this rela-
tionship to compute the heat transport associated wittaserrdnd deep overturning circulations
by splitting the integral in two parts. The first integral wiaken from the surface temperature

to the temperature separating surface and deep circusatidnle the second integral was taken
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over the remaining cold temperatures. Our extension ofdiradlism to three dimensions shows
that this approach is not quite accurate, because it ignbee®HT associated with overlapping
circulations that span the same temperature classesheenixedoverturning circulations that
we define below. While the contribution of mixed cells is pblssmall in the idealized study of
Vallis and Farneti, it is crucial for studies of the obsernge@an heat transport especially in the

North Atlantic.

b. Heatfunction in three dimensions

Numerous studies have proceeded to integrate the compke-tiimensional oceanic and at-
mospheric circulations in density coordinates in orderlitam a description of the overturning
circulation (e.g. Andrews 1983; Nurser and Lee 2006). Thetowning circulation in temperature
coordinates is defined analogously, but for the change obgiugg coordinate (e.g. Saenko and
Merryfield 2006; Czaja and Marshall 2006). Here we wish toashow this overturning circula-
tion is related to the OHT. Consider a zonal slice of oceanfadeal latitudey, that is anx — =
section through the ocean. We defifgy, 0, t) as the area of that section below a certain potential

temperaturé,

Aly,0,t) = / / Glgedxdz. )

The areaA(y, 0, t) can be changed either by horizontal advection of water cdlga 6, or by
diabatic heating and cooling, i.e. it satisfies the congemaquation (see Nurser and Lee 2006,

for a detailed derivation of this equation),

0A 0 // 1 0 /
- _ vdrdy — —— D dzdz, 3
ot oyt <o pocp 00 )] < ©

wherev is the meridional velocity an@® includes all processes that irreversibly modify the po-

tential temperature of the fluid,

D6
pOCpD—t =7D. (4)

Eq. (3) ignores any evaporation and precipitation at th@eoseirface. Addition of these terms is
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discussed in Appendix A.
Taking a long-time average of Eq. (3) to eliminate time delegite (assuming that on long

times the system is in equilibrium), the equation for thegtiaveragedi(y) becomes,

gv 1 9D

T S 5
Ay * poc, 00 0 ®)

where we introduced the functioh to represent the total horizontal transport belot+surface

and D for the total diabatic heating below the same surface,

U(y,0) = // v dadz, D(y,0) = / D dzdz (6)
0'<0 /<0

and the overbars denote long-time averages. It can be shawvthe functiony is the stream-
function associated with the zonally averaged mass fluxnperature coordinates (Nurser and
Lee 2006): the transport of fluid with temperature betwéemdod + A6 is (AV/Af) A and
hence the streamfunction’s isothermal derivati9®,/00, gives the meridional transport along
an isotherm. The streamfunctidn differs in one important respect from the streamfunction in
z-coordinates, in that it includes contributions both frdra zonal mean flow and from eddy mo-
tions generating correlations between temperature léyekriess and velocity (eddy motions are
defined as departures from a zonal and temporal mean). Fluescribes the mass transport by
both the zonally averaged flow and the bolus flow due to eddyomsti.e. it is thef-coordinates
representation of the residual overturning streamfunatged in atmospheric and oceanographic
studies (Andrews 1983).

Eq. (5) states that thg-divergence of the meridional mass transport is balancethéy-

divergence of the diapycnal fluX. We can introduce heatfunctionH (y, 6) as,

_ OH _ OH
pQCp‘I’ = W’ D = _a—y (7)

The heatfunction so defined represents the pathways of iveaigthout the ocean iny () space

associated with the streamfunctidriy, #). We can show that/ describes how heat is moved

around the ocean in response to irreversible diabaticriggatid cooling. Let us integrate Eq. (7)
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and Eq. (5) over aregioR(y, #) composed of waters colder théand confined between a latitude

y and the northern edge of the ocean (shaded area in Fig. 1a),

7]
1.0 = [ pe¥u.0) 0=~ [[[ D dsaye: (®)
0B R(y,9)

wheref is the temperature of waters at the ocean bottom. The hediiar (y, §) represents

the northward transport of heat across a latityded below a temperatuée This advective OHT
is balanced by the diabatic heat input in the whole re@ion, 0) as sketched in Fig. 1a. Hence the
heatfunction describes the northward heat flux driven bgatia heating and cooling. Any closed
circulation exchanging waters at the same temperatureasreatically filtered out, because it is
not associated with diabatic heat gain. Finally the valuthefheatfunctiorf{ (y, 6) at the ocean
surface is equal to the sum of the surface heat flux northasfd any lateral diffusion across the
zonal slice of ocean at.

A major goal of this paper is to quantify the OHT by individumbnches of the overturning
ocean circulation. Heatlines, lines of constahtoften span more than one overturning stream-
function loop, especially close to the ocean surface whiierent circulations overlap. One can
estimate the OHT by individual branches of the circulatismg a combination of heatfunction
and streamfunction. Consider the circulation defined byoaed streamline contour in Fig. 1b.
A closed circulation transports zero mass across any d&iubut it transports heat because the
northward flowing waters have different temperatures ttmase flowing southward. The tem-
perature change results from the diabatic heating the svabgrerience as they flow along the
streamline loops. This balance is expressed quantitgtbseintegrating Eq. (5) over the region
R(y, ) enclosed by the latitudeto the south and the closed streamline contour to the naeth (s

Fig. 1b),

0,

Ou
OHT(y,0.,6,) =/ pocy (U(y, 0) — Ty, 0,)) b — —///R( IRVEC

The temperatureg, andd, are the maximum and minimum temperatures reached by thecclos

circulation at the latitude. The termp, (¥ (y,0) — ¥(y, 6,)) is the meridional mass transport
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betweery andd;: Eq. (9) states that the OHT associated with an overturnineglation is propor-
tional to the mass transported by that circulation timese¢hgperature difference it encounters as
pointed out by Czaja and Marshall (2006).

We can now use (9) to express the meridional OHT due to a cldsadation in terms of the

heatfunction and streamfunction,
OHT(?J; O, 91) = H(% 9u) - H(y7 91) - Pocp‘l’(y, 91) (9u - 91) . (10)

For a closed and isolated circulation, defined by a zero rsiiea contour¥(y,6,) = 0, the
meridional OHT is given by the difference between the valfdseatfunction at the coldest and
warmest temperatures spun by that circulation @ig. 1b). For circulations embedded in other
flows, like that shown in Fig. 1c, one must further subtraet @HT by the surrounding flow,
pocp ¥ (y, 01) (0 — 0,).

It is instructive to apply the heatfunction formalism to somdealized flows. Consider the
three global ocean circulations sketched in Fig. 2. In the fianel, we have two isolated cells at
warm temperatures, while in the second panel we have artaslatall at cold temperatures. The
OHT associated with each of those circulations is easilynased by computing the difference
in H(y,0) between the top and bottom of the circulations at each thitrhe situation is a bit
more complicated for the circulation depicted in the thieshel, which is simply the sum of the
circulations in the first two panels. In the northern hemé&phthe warm and cold cells appear
to be connected through a circulation that spans the fulhilwaiepth, much alike in the North
Atlantic (see the third panel of Fig. 3 below). There is aipatar contour?,,,;..; that separates
the core of the warm and cold overturning cells. We can tloeesfstimate separately the OHT by
the warm and cold circulations applying Eg. (10) wittbeing the temperature that separates the
two cells. We can also estimate the global OHT by the full aw@ing circulation in the northern
hemisphere. This second estimate will be larger than theduhe heat transported by the warm
and cold cells, because it includes the contribution by theukation spanning the whole ocean

depth (see Fig. 2). This contribution, which we call thexed modgcannot be ascribed to surface
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or abyssal circulation without additional information. btuof the debate on whether the OHT
is more sensitive to surface or abyssal circulations is dugttiations such as this, where there
is no complete separation between shallow and deep ciimu$ain a zonally averaged sense. In
this paper we will use a suite of numerical simulations teedaine whether the portion of the
OHT due to mixed modes spanning the whole ocean depth is reositise to surface or abyssal
forcing.

The focus of this paper is on the OHT. Howevetracer-functioncan be defined for any
oceanic tracer by replacirtgwith the tracer considered and the heat equation (4) witlapeo-
priate tracer equation. We made no assumption on the formeofermD in the rhs of Eq. (4);
this term can include sources and sinks of tracers or reautith other tracers. Hence a tracer-
function can be defined for any chemical or biological traoefescribe its pathways in a zonally
averaged sense. Addition of sources and sinks at the suhismegh air-sea fluxes is discussed in
Appendix A.

The definition of heatfunction used in this paper is relatethbse introduced by Boccaletti
et al. (2005) and Greatbatch and Zhai (2007). Boccalettl.RA05) start from the time and

zonally averaged heat equation iy £) space,
V- {uf — V) =0, (11

obtained from Eq. (4) by settin® = poc,V - KV0 (the angle brackets denote both zonal and
temporal average). This budget states that the sum of thectde and diffusive heat fluxes has
zero divergence. It is therefore possible to represent ¢ tiuxes in terms of a heatfunction
defined as),¢ = poc,(v8 — k0,0) andd,p = —poc,(wh — £0.0). This definition is, however,
dominated by the advective heat flux associated with theadation of waters at constant tem-
perature which do not contribute to the vertically integch©OHT. Boccaletti et al. (2005) show
that these inconsequential advective heat fluxes can baalied in the definition of the heatfunc-
tion by subtracting fron# the mean temperature along a streamline. Greatbatch an{200)

show that, more generally, one can definigy integrating the heat flux along zonal mean temper-
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atures. This problem does not arise when averages are takenstant temperature, because the
averaging filters out any recirculation at constant tempeea Eq. (5) shows that the circulation

¥ is forced by diabatic heating, i.e. it includes only cirdidas that cross isotherms.

There are two important differences between the heatfometsed in this paper and the defi-
nitions in Boccaletti et al. (2005) and Greatbatch and Z2@07). First, the heatfunction defined
in (7) represents the pathways of heat transported by thanocieculation, while the previous
definitions included both advective and diffusive heat gports. The difference is very small
for the real ocean, where heat transport by advective psesegominates over diffusion. How-
ever in numerical models heat transport by diffusive patanmations can be substantial. Our
focus here is on diagnosing heat transport by differentdires of the overturning circulation and
the present definition is more appropriate. Second, theitlefinn Eq. (5) can be extended to

non-conservative tracers which have sources and sinks.

3. Numerical Model and the Mass Transport Streamfunction

The heatfunction approach will now be used to study whatgsses control the OHT in a
numerical model of the ocean. The numerical experimentsamged out with the MIT general
circulation model (Marshall et al. 1997a,b). The model hdmwrzontal resolution of 28and
15 levels in the vertical. The geometry is ‘realistic’ extégr the absence of the Arctic Ocean,;
bathymetry is represented with shaved cells (Adcroft t@9.7). The model is forced by observed
monthly mean climatological surface wind stresses fronmbegth and Olson (1990). The surface
heat and freshwater fluxes are each the sum of two terms: fflgsed monthly mean climatolog-
ical heat fluxes and annual mean evaporation-precipitdfimmg et al. 1999), and (2) restoring
toward observed monthly mean climatological temperatacesalinity (Levitus et al. 1994) with
time scales of 2 and 3 months, respectively. Freshwaterdlarxe imposed as virtual salt fluxes
in the salinity equation. The model is therefore capable oflifiying its heat and salt fluxes in

response to changes in the circulation. No representafisaasice is included. All simulations
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are initialized from Levitus climatology and run until thegach equilibrium after 7000 years (the
only exception is the “water hosing” experiment describelbly where equilibrium was reached
in 2500 years). All statistics are computed from the last y$antegration from monthly mean
outputs (the model has a seasonal cycle, but no interanatiability).

At the coarse resolution used in this study, processes suctraection (Marshall and Schott
1999), mixing (Ledwell et al. 1993), and transfer of prorty the mesoscale eddy field (Gent
and McWilliams 1990) are subgridscale and must be parameterConvection is parameterized
by enhanced vertical diffusion whenever the water coluncobees statically unstable. Mixing
is represented with eddy viscosities and diffusivitiese Tlorizontal and vertical viscosity are set
t0 5.0x10° m? s~' and 1.0<107% m? s™!, respectively. There is no explicit horizontal diffusiuit
The vertical diffusivity is one of the parameters that areéagacross simulations. It is set to
0.3x10~* m? s! in the control run. The phyisics of mesoscale eddies is petamzed with an
eddy-induced transport (Gent and McWilliams 1990) and apyisnal diffusivity (Redi 1982).
Tapering of isopycnal slopes is done adiabatically usiegstheme of Gerdes et al. (1991). Both
thickness and isopycnal diffusion coefficients are set @0I®° s.

The model reproduces most of the features commonly asedardth the large-scale ocean
circulation: the equatorial current system, the wind-einngyres at mid-latitudes, the Antarc-
tic Circumpolar Current in the Southern Ocean, and the faonaof deep waters at high lati-
tudes (see Ferreira and Marshall 2006). For present puspeseare interested in the overturning
circulation produced by the model. In Fig. 3 (left), we shdw traditional overturning stream-

function for the global ocean incoordinates,

Veu(y, 2) = / / Z_Hu dzdz, (12)

wherez=-H is the ocean bottom and the overbar represents a one-yeaatenage. The model
reproduces the shallow wind-driven overturning circaas in each hemisphere, divided into
tropical and subtropical cells, whose structure in the zwnial constitutes the familiar wind-

driven tropical and subtropical gyres. There are also aweirig circulations associated with
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high-latitude convection and abyssal mixing, which caogtithe bulk of the circulation residing
below the thermocline. In the Southern Ocean, a strong Deeelbreflects the circulation driven
by the southern hemisphere westerlies.

In Fig. 3 (middle), we show the residual overturning cirtiga, i.e. the overturning circulation
associated with the full meridional mass transport giverihgysum of the Eulerian meridional

velocity,v, and the eddy-induced velocity parameterized with the G&alVilliams schemeyq

77b7“es Y,z // U + UG]\/I dl’dZ (13)

McDougall and Mcintosh (2001) refer to the eddy-driven $@ort as a quasi-Stokes drift for
finite amplitude eddies. The residual streamfunction isefoee the sum of the Eulerian and
guasi-Stokes transports and approximates a Lagrangieansfunction, i.e. the streamfunction
associated with transport of tracers like temperature [@aipougall and Mcintosh 2001; Plumb
and Ferrari 2005). The only substantial difference betwherEulerian and the residual stream-
functions shows up in the Southern Ocean. The Deacon celéhves in the residual picture,
because mesoscale eddies drive an anticlockwise circalttat largely cancels the mean Ekman
circulation (e.g. Karsten and Marshall 2002).

In the residual framework, the abyssal circulation is cbiézed by two deep overturning
circulations of magnitude similar to the two surface ciatidns. The northern hemisphere over-
turning associated with NADW formation is confined betwelea surface cells and 2000 m, it
contributes just under half of the meridional mass trartspiomid-latitudes and dominates north
of 5°N. Below 2000 m, the circulation is dominated by an anticleide circulation with a max-
imum transport of 8 Sv, representing the penetration of AtiaBottom Water (AABW). When
considering individual basins, we find that in the Atlantie leep overturning circulation reaches
a maximum of 15 Sv, while the surface wind-driven overtugsiare somewhat smaller, barely
reaching 10 Sv. In the Pacific, the overturning circulatisrargely anti-symmetric about the
equator and it is almost entirely associated with the Eknamsflgenerated by the surface winds.

These circulations carry between 15 and 20 Sv in each heetisph
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In Fig. 3 (right), we show the overturning circulation in tperature space introduced in sec. 2,

9
U(y,0) = //e (v+ vgy) dzdz, (24)

whered(z,y, z) is a two-dimensional isothermal surface ahgd= 0(x,y, —H) is the tempera-
ture at the bottom of the ocean. Details of the calculatiengaven in Appendix B. We use the
sum of the mean and eddy-induced velocities in the definiostreamfunction in temperature
space, because the model advects temperature with the stira tfo. (In an eddy resolving
model the eddy-induced contributiop,; would arise from temporal correlations betweeand
fluctuations in the temperature surfae Notice however that the definition in (13) includes only
the eddy-contribution due to the Gent-McWilliams schemkilevthe definition in (14) includes
the additional contribution of correlations betwaeandd due to time-mean departures from the
zonal mean, the so-called ‘standing eddies’. One can mabddydefinition in (13) to include

contributions by standing eddies, but the actual comprtas very noisy.

The mass transport in temperature coordinates shows thah#ilow overturning circulations
associated with the wind-driven gyres span the large teatyer gradient associated with the
ocean thermoclines, while the deep and abyssal circuatipan cold waters with small tempera-
ture contrasts. In the previous section we have shown te@HIT associated with an overturning
circulation is proportional to the strength of that cirdida multiplied by the temperature differ-
ence it encounterggc, ¥ Af). The shallow and deep circulations have comparable dtienigut
the shallow ones are better positioned to transport heatusecof the large\d they span. The
separation between shallow and deep circulations holdsinviie southern hemisphere. In the
northern hemisphere, instead, the two circulations paxtbrlap and a clear partitioning of OHT

requires a careful application of the heatfunction forsralas discussed in the next section.

4. Vertical structure of the heat transport
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a. Global heat transport

The traditional way to diagnose the OHT is to compute theeeadrintegral of the temperature
flux poc,vf across an east-west section bounded by continents (HaBatn 1982). This en-
sures that, as long as the total mass flux across the sectieroighe OHT is due to water flowing
northward at one temperature and returning southward afexatit temperature. In Fig. 4 we
show the vertically integrated OHT in each ocean and thé ti@asport summed over all oceans
as produced by the numerical model. The global OHT peaksait&i® latitude, with maxima
of 1.2 PW (1 PW=18 W) in the southern hemisphere and 1.3 PW in the northern Ipdmeis.
The model captures the differences in OHT among differeeindasins: heat is transported
northward at all latitudes in the Atlantic basin and poledvar both hemispheres in the Indo-
Pacific basin. It also reproduces well the observed OHT inrttle-Pacific, but it underestimates
the observed OHT in the Atlantic by nearly 30%. This bias soasted with too cold a Gulf
Stream core and too warm a deep undercurrent core compaaddéovations (not shown): the
model is too coarse to capture the full OHT associated witimdary currents which are barely
resolved. Similar biases are found in most coarse resoloitean models used for climate stud-
ies (Jia 2003). Our goal is to quantify the sensitivity of OtéTchanges in different branches of
the overturning circulation, so the absolute value of OHIEss of a concern. However the model
deficiency in reproducing some components of the OHT becaméssue when extrapolating our

results to the real ocean.

In order to identify the pathways of the heat transportechieydcean circulation, we compute
the heatfunction defined in (7). The calculation is strdmfward: one integrates with respect
to ¢ the streamfunction shown in Fig. 5a. The heatfunction imeéefipositive (negative) for heat
moving northward (southward). The contours of constantfeetion show heat flowing from the
atmosphere into the ocean at low latitudes and coming battietsurface at higher latitudes. The
topmost value of{ (y, 6) equals the vertically integrated advective OHT, i.e. thaltOHT minus

the heat diffused across the latituglby the Redi diffusion which parameterizes eddy transport of
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heat along isopycnals (Redi diffusion is significant onlythe Southern Ocean). Regions where
the heatfunction is zero do not contribute any OHT. A congmariof panels (a) and (b) of Fig. 5
shows that the pathways of mass, represented by the stneetinfu are very different from the
pathways of heat, represented by the heatfunction: thevagghof heat are set both by the mass
transport and by the air-sea fluxes. This difference catls guestion the paradigm of a global
conveyor (Broeker 1991) to describe the ocean circulatahits impact on climate. Each oceanic
tracer follows different pathways in a zonally integratéctyre as a result of the different sources
and sinks, even though all tracers are transported by the #aee dimensional velocity field. A
conceptual model of the OHT based on the mass streamfunstab@arly misleading.

The heatfunction in Fig. 5b is surface intensified with a maxin OHT of1.3 PW at the sur-
face and no contribution to the OHT below®Gcorresponding approximately to 2000 m. Virtually
all of the OHT in the southern hemisphere is achieved by allation warmer than 1@ confined
to the upper 500 m; the abyssal circulation associated wABW disappears in the heatfunc-
tion picture. In the northern hemisphere the heatfunctienefrates deeper, because there are
contributions from a shallow warm cell and a deeper coldutation associated with NADW.
The heatfunction is confined betweerrB0and 50S—the OHT vanishes poleward of 50 degrees.
Heat travels along continuous pathways that connect thétitidle subduction sites to regions
of equatorial upwelling. Note that there is no reduction HTOn the latitude band straddling the
separation between the tropical and subtropical gyres;rest be transported by the parameter-

ized transient eddies across these latitudes, i.e. theiaddged transport.

The slope of streamlines in latitude-temperature spaceiges useful information on the
ocean heat budget. The warm overturning cells are stroiitgyg ti.e. they change tempera-
ture as they move across latitudes, suggesting that theyxposed to strong diabatic heating and
cooling at all latitudes as per Eq. (5). The dashed lines g0 5a& show the mean and coldest
temperatures found at the surface at a particular latitlitie.warm overturning cells are mostly
confined to temperature classes that are entrained in tfeceunixed layer every winter and are

directly exposed to surface fluxes. The deep overturnirig,aaice they plunge in the ocean inte-
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rior, are nearly horizontal in latitude-temperature spaeeause interior diffusion of heat is very

weak and the overturning streamlines do not drift signifilyaaicross temperature classes.

Using Eq. (10), we can compute the OHT associated with eatihedbur closed circulations
that describe the mass transport in the zonal average (gegdji In the southern hemisphere the
shallow warm circulation accounts for nearly all of the OHsTslown in Fig. 5¢ (dashed black)
with weak, and opposing, contributions from the cold ciations associated with NADW (dashed
grey) and AABW (solid grey). In the northern hemisphere thallew and deep circulations over-
lap and cannot be fully separated. Choosing the 11.5 Swslireaas the separatrix between the
two circulations, we estimate a peak OHT of 0.3 PW for the waeth(dashed black) and a peak
OHT of 0.05 PW for the cold cell (solid grey). The heat trarmspa by these two cells falls short
of the total advective OHT peaking at 1.3 PW: most of the OHIhcd be ascribed to either circu-
lation separately and is due to the superposition of the tvenlations, the mixed mode (dashed
grey). The difficulty in partitioning the OHT among the vargoverturning circulations has gen-
erated a vigorous discussion on the relative roles of sivadlod deep circulations in transporting
heat. Here we tackle the question with a series of sengistiidies where we change the strength

of the various circulations and compute their impact on tatfunction and the associated OHT.

b. Atlantic Heat Transport

It is often argued that the OHT in the Atlantic is primarilysasiated with a deep meridional
overturning circulation that results from NADW formatioh tigh northern latitudes (Hall and
Bryden 1982). The argument goes that the deep circulatianrddes the OHT because it flows
poleward at the surface and equatorward at depth, therefareuntering a large top to bottom
vertical temperature difference. This is supposedly inoggmon to the horizontal transport in
wind-driven gyres which have a meridional overturning canafple to the deep circulation, but

span the much smaller east-west temperature difference.

The streamfunction for the Atlantic is shown in Fig. 6a. Baletti et al. (2005) show that
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the traditional decomposition into horizontal and velt©&T* used for example by Bryden and
Imawaki (2001) assigns, &t°N, less thar).1 PW to the horizontal circulation an@8 PW to

the vertical circulation. The overturning circulation etitude-depth space is indeed dominated
by the deep flow of NADW flowing into the abyss. The prevailimgerpretation is that this
deep circulation carries tHe8 PW and hence dominates the OHT (Bryden and Imawaki 2001).
However, Fig. 6b shows that the OHT is surface intensifiediaigthe result of a circulation
spanning both warm and cold temperature classes (Fig. Ba)6é-confirms that the closed warm
and cold circulations account for a minuscule fraction e @HT. Approximatelyr5% of heat is
carried by a larger cell enclosing both circulations whighikely sensitive to both high latitude

convection and to subtropical winds.

Talley (2003) has recently attempted a careful partitigraf OHT from observations. She
found that the shallow circulation contributes a large tiacof the OHT in the North Atlantic.
Talley assumed that the wind-driven OHT is carried by a aoseculation confined to waters
lighter than 27.3 kg m?, the maximum winter surface density for the North Atlantibsopical
subduction region. She estimated that 13 Sv are transpsoigtiward in the gyre interior and
returned northward in the Gulf Stream. The associated Oanmeed quite uncertain and ranged
between 0.4 to 0.1 PW, depending on whether the bulk of thiéaward transport occurred in the
warmest core of the Gulf Stream or whether it was spread unljoover the whole Gulf Stream
layer. We repeated the same calculation with the model datpadiwe obtained OHTs of 0.5 and

0.2 PW depending on the choice of return temperature in tHeSteam, values very close to

IFor any latitudey, the meridional velocity and temperaturé are separated into zonally averaged baroclinic
values,(v)(z) and(f)(z), and deviations from the zonal average€éz, z) andé’(z, z). The OHT can then be broken

up into two components,
OHT(y) = /pocp<v><9>L(z)dz+// pocyv'd’ dzdz, (15)

whereL(z) is the width of the section at each depth. The vertical corapb(first term) is interpreted as the OHT
associated with abyssal circulations because it is agsdcwsith a vertical overturning circulation. The residual

(second term), instead, is interpreted as the contributidine horizontal wind-driven gyres.
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those found by Talley. We conclude that the bulk of the OHThia Atlantic cannot be uniquely
ascribed to shallow or deep circulations. Alternativelywi# ask how sensitive is the OHT to

changes in winds versus changes in mixing and air-sea fluxes.

c. Indo-Pacific Heat Transport

The heat budget of the Indo-Pacific basin is simpler to amalgecause the surface and deep
circulations are well separated in temperature space asré t8 no ambiguity in partitioning
the OHT. Fig. 7b shows that the heatfunction, and hence th&, @k¢ confined to the upper
ocean with hardly any contribution from deep circulatiohbe northern hemisphere surface cell
transports 0.5 PW poleward in the upper 400 m, while the swathemisphere cell transports
almost 0.8 PW poleward in the upper 700 m. The OHT in the sonthemisphere involves
also a deeper circulation connected to the Southern Ocearh whbntributes less than 0.1 PW.

These estimates are consistent with the observationdisedfuGanachaud and Wunsch (2003)

and Talley (2003).

5. Physical processes controlling the ocean heat transport

The heatfunction for the global ocean in Fig. 5 shows thatgel&action of the OHT is carried
by surface circulations in the tropical and subtropicattieclines, with an additional contribution
from the deep circulation associated with NADW. This sugg#dsat the OHT is more sensitive to
the processes that drive the shallow circulations and teiset processes that drive the deep and
abyssal circulations. While the effect of surface forcimgl anterior mixing on the overturning
streamfunction has been previously documented in theatitez (e.g. Vallis 2000; Saenko and
Merryfield 2005; Ito and Marshall 2008), their effect on OHsTquite different as we illustrate

below with a suite of sensitive experiments.
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a. Abyssal mixing

The importance of the deep overturning circulation in tpming heat is often invoked to
motivate the study of abyssal mixing in the ocean (e.g. Jayaé 2004). The argument goes that
the OHT is limited by the ability of the ocean to mix dense bwottwaters across the stratification
of the abyss (e.g. Munk and Armi 2001). However Fig. 5 showstte OHT is largely confined
to the upper ocean away from the abyssal stratification.i&waf deep abyssal mixing should be
seen in this context. The mass transport is sensitive tongyiut the OHT in addition depends

on the temperature difference, which is small in the abysg¢Bletti et al. 2005).

First we compare the changes in mass and heat transportdsetwsimulation with a con-
stant diapycnal mixing coefficient a=0.3x10~* m? s~! (the control run) and a simulation with
xk=0.3x10"* m? s7! in the upper 2000 m anck1.7x10~* m? s~! below (Bryan and Lewis 1979).
The Bryan and Lewis profile is a crude attempt to include bfesitures of the vertical profile of
x observed in the real ocean. Measurements find that mixinggé&kwand uniform in the upper
ocean (Ledwell et al. 1993), while it is enhanced in the albyissre topographic waves radiate
from bottom topography and break (Polzin et al. 1997; Gambétal. 2004). We set the abyssal
value of diapycnal mixing to 1710~* m? s! so that the volume averagedor the full ocean is
closeto 1.x10* m? s™!, a value consistent with tracer budget estimates for tHeagjlocean (e.qg.
Wunsch and Ferrari 2004). This simulation with an enhanodtbin mixing is arguably our most

“realistic” experiment.

Fig. 8 shows the volume transport for the simulation with Brgan and Lewis diapycnal
mixing profile. The abyssal circulation more than doublesesponse to the enhanced abyssal
mixing, going from about 9 Sv in the control run with a uniforno 21 Sv (Fig. 8). However the
heat transport remains virtually unchanged (compare FandbFig. 8), because there is hardly
any OHT below 2000 m where is enhanced. Notice that the model is, in principle, free to
adjust its surface heat flux in response to changes in thelation. We conclude that the abyssal

overturning circulation and stratification are indeed colted by abyssal mixing, but the modeled
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OHT is not (see also Scott and Marotzke 2002).

Saenko and Merryfield (2005) studied extensively the efeécibyssal mixing on the cir-
culation of an ocean model. They used a parameterizatiomysgsal mixing which included
modulations by topographic roughness and by the intensibpttom flows. Consistent with our
results, they found that the enhanced abyssal diffusieiiytd increased bottom water circulation
and deep stratification, especially in the Pacific. HowaerOHT was unaffected by the abyssal

circulations because stratification is too weak below 2000 m

Our result that abyssal mixing has little effect on heatgpmmt seems at odds with a recent
paper by Simmons et al. (2004), who performed a study sirtol#rat of Saenko and Merryfield
but came to the opposite conclusion that abyssal mixing ehstantially modify the transport of
heat. In reality there is no contradiction between theiulteand ours: Simmons and collaborators
compared a run with a constant diffusivity with one in whitle thermocline diffusivity was re-
duced and the abyssal one was increased. They attributédférence in heat transport between
the two runs to changes in abyssal mixing. However, as we gihtive next section, heat transport
is very sensitive to upper ocean processes and the difieien©OHT between the two runs was

likely due to the different mixing rates in the thermocline.

b. Thermocline mixing

We now consider the circulation and heat transport reguftiom an increase of throughout
the whole water column, as opposed to the bottom-confingease considered in the previous
section. The diapycnal mixing coefficient is increasedamifly tox =1.0x10~* m? s!, a value
three times larger than in the control run. Fig. 9 shows thatgasing: results in a doubling of
the peak heat transport in the southern hemisphere (fronto1212 PW) and a smaller 0.2 PW
increase in the northern hemisphere, i.e. a 15% increaseeHuixing does affect the ocean heat
budget wherx is increased throughout the whole water column, but not whisrenhanced only

below 2000 m.
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A decomposition of the heat transport among closed ciraatconfined to the upper ocean
(warm cellg, closed circulations outcropping at high latitudesld cell9 , andmixed cellflowing
around the first two illustrates why the OHT is sensitive toevehmixing is enhanced. At the
scaling level, one can write the heatfunction as the sunreétterms representing each circulation

—see Eq. (9):

H = Hwarm + Hcold + Hmi:ved

~ LoCp [(q]warm - \I]mi:ped)Aewarm + (q]cold - \Ilmimed>Aecold + \I]mi:pedAemi:ped] (16)

wherev,,...., and¥ ., represent the magnitude of the warm and cold overturnirg,del,;.... the
value of the streamline separating the warm and cold cetdevAb,,qm, Abeorqd, ANA AL, ized
are the temperature contrasts spun by each circulation. Mpadson of the bottom panels in
Fig. 5 (the control run) and Fig. 9 (the run with= 1x10~*m? s~') shows that in the northern
hemisphere the small increase in OHT is primarily assodiatgéh an increase it ... the
shallow overturning circulation strengthens in respowosthée increase in (Vallis 2006). In the
southern hemisphere, instead, the large increase in OH3scmted with the appearance of a
mixed mode, i.e. a circulation encircling both the shallovd @eep circulationsH,,,;,.q grows
from ~0.1 PW to~1 PW. The mixed mode represents waters upwelling from thesahypouthern
Ocean into the Pacific thermocline (Fig. 10). The upwelliaguits from the balanced.f ~
k0..0 and results inta,,,;..q ~ 10 Sv of waters raising from the abyss into the surface mididét
waters and spanning A6,,;,.a ~ 25°C. This givesH,,ized = poCpVmizedAOmizea =1 PW of
additional heat transport.

To further investigate the impact of diabatic mixing on thdTin the southern hemisphere,
we run four different simulations with uniform diffusivéts ofx=(0.2,0.3,0.5,1.0)107% m? s!.
In Fig. 11, we report the maximum heatfunction associatatd warm, cold and mixed circu-
lations in the southern hemisphere from each of the four lsiioms. Ask is increased above
0.3x10~* m? s!, a mixed circulation develops and carries a growing OHT.dntiast the shal-

low and abyssal circulations decrease witlbecause increasingconnects a progressively larger
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fraction of the two separate circulations which become gitie mixed one.

These simulations show that diabatic mixing contributeslzstantial heat transport when it
acts in the upper ocean, but not when it is confined to the alMising is particularly effective at
transporting heat if it is increased at the base of the midti thermoclines (which corresponds
to the base of the shallow circulations), because it driymselling of abyssal waters towards
the ocean surface. This generates an overturning cironlapanning the wholé\d between
cold abyssal waters and warm surface waters and drivese @I . While this is an interesting
theoretical result, direct measurements argue againsésalfx>0.3x10"* m?s~! at the base of
the ocean thermoclines and hence diabatic mixing does petao play a major role in the ocean
heat budget. An important implication of this analysis iatfltontrary to the claim by Simmons
et al. (2004), among others, tidally-driven mixing is uelikto drive a significant OHT because it

is largely confined to the abyss.

c. High latitude convection

The traditional view divides the oceanic circulation in &pgeverturning connected to high
latitude convection, and a shallow overturning driven bitsapical winds. Countless water-
hosing experiments have illustrated the effect of shuttifighe NADW formation on the OHT:
once convection is shut off the Atlantic overturning cedsdsansport heat poleward, resulting in
high-latitude cooling (e.g. Bryan 1986). This result hasnppted a vast literature on the role of
convection in the North Atlantic on climate change (e.g. Ratorf 2002). However the impact
of this shut off on the Earth’s climate depends criticallyamat fraction of the OHT is associated
with the deep overturning circulation and whether thisuation is only sensitive to freshwater
fluxes or also to other forcing like winds. We tackle the finséstion here and address the role of

winds in the next section.

The heatfunction analysis suggests that the bulk of the @Hfd North Atlantic is associated

with a mixed circulation that transports warm waters nogtovat the surface and cold waters
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southward in the abys$4,.;...q in Fig. 6¢, dashed grey). A deep cell associated with higtulde
convection contributes only 10% of the OHM (,, in Fig. 6¢, thick solid grey). To quantify what
fraction of H,,;,.q IS associated with high latitude convection, we run a setitgitexperiment
in which deep water formation in the North Atlantic is supgsed. To achieve this, the North
Atlantic surface waters are freshened by lowering the regjsea surface salinity uniformly by
2 psu poleward of 5IN. This results into an unrealistically large perturbatodthe salinity field,
but our goal is to completely suppress high latitude comeactThe simulation is started from
the equilibrium state of the control run and reaches, ab@02/ears, a new equilibrium in which
there is no deep water formation — the high-latitude watéuras remain stable even through
wintertime.

In Fig. 12, we show the streamfunction and heatfunction ffier water-hosing experiment.
The mixed overturning circulation seen in the control ruig(fBa) is nearly absent in the water
hosing experiment (Fig. 12a) as the water mass transfavmatiwhich it is involved disappeared
(1.5 Sv versus 8.0 Sv in the control run). The cross-equatfiow (and heat transport) also
vanished. The weaky2 Sv) cell centered at (308, 10°C) can be attributed to the wind-driven
subpolar gyre. The shallow subtropical circulation is tie&y unaffected by the collapse of the
mixed circulation. The disappearance of the mixed mode asaio a drastic decrease of the
Atlantic OHT from 0.8 PW down to 0.3 PW, a decrease of appratéty ~60%, still much less
than implied by studies that assume that the bulk of the OHRienNorth Atlantic is associated
with high latitude convection (e.g. Bryden and Imawaki 20Qiadfasel 2005; Kuhlbrodt et al.
2007).

The goal of the present experiment is not to simulate a tealiaurentian ice-sheep break-
up or a climate change scenario, but rather to set up a bemkhmith a complete shutdown of
deep water mass formation in the northern hemisphere. Edtaur results, albeit extreme, are
very similar to those seen in traditional water-hosing expents. Note that, differently from the
usual procedure, we do not directly control the anomalaeshfivater flux into the North Atlantic.

The anomalous freshwater flux associated with the modifiadsgace salinity restoring for the
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region poleward of 50N was as large as 3.6 Sv during an initial transient, but ttexto 0.05 Sv
within a century. Hence, the implied change in hydrologayale in the new equilibrium is rather

small.

Finally, we ought to anticipate that changes in the deeptok@ng (and the associated mixed
mode) are as sensitive to winds as to deep water formati@nng@e section). Hence the impact
of ice melting on high latitude convection, OHT and climatasinbe assessed against the com-
peting changes in the atmospheric hydrological cycle amdiywatterns (see also Wunsch 2010).
Previous water-hosing experiments focused on the effeaver runoff by ice melting and im-
plicitly assumed that the atmospheric circulation, withassociated winds and freshwater fluxes,

remained constant through radically different climatdsisEeems quite unlikely.

d. Wind stress

The final suite of sensitivity experiments focuses on the obwinds on the OHT. Wunsch and
Ferrari (2004) show that the global ocean circulation is @@ by surface winds and hence we
expect a strong sensitivity of OHT to winds. A comprehenstuely of the effect of winds on OHT
should consider changes both in their magnitude and in Hpeitial patterns — the overturning
circulation is sensitive to both the magnitude of the winess (e.g. Ekman flows) and its curl
(e.g. Sverdrup flows). Such an endeavor is well beyond theesobthis paper. Our goal is simply
to emphasize the strong sensitivity of OHT to surface witetsying the specifics to future work.
We therefore run a series of simulations in all equal to thercbrun, but where the surface wind
stress was multiplied by a constant factor. In this way thedvgtress and its curl were varied by

the same amount.

The impact of the surface wind stress on OHT has been docechémtrecent papers by
Saenko and Weaver (2004) and Vallis and Farneti (2009). €xuits are largely consistent with
these previous works, but our emphasis is slightly differethat we wish to compare the impact

of the surface wind stress to other processes affecting Hie O
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Fig. 13 shows the overturning streamfunction and heatfondor the simulation where the
magnitude of the wind stress is twice that in the control amjncrease probably larger than in
any climate experienced by the Earth in the past. The shaillamn overturning circulations are
much stronger than in the control run, as might be anticgppbézause these circulations represent
the wind-driven gyres. Notice, however, that the mixedudation, representing the circulation of
NADW, has also dramatically increased. This is a result efititrease in the surface wind-driven
gyres and in the deep circulation pulled by the wind-drivewelling of waters in the Southern
Ocean (e.g Toggweiller and Samuels 1995; Wofe and Cessi))20h6 abyssal cold circulations,

instead, do not change much — in the model these circulagi@primarily convective.

The increase in shallow and mixed circulations results aselto a doubling of OHT. Note,
again, that the increase occurs bothHp,,, and in H,,;..q (Fig. 13c). The main point here is
that changes in winds drive changes in the heat transpatiassd with the deep circulations in
the North Atlantic. High latitude convection is not the opigocess affecting this circulation and

its associated OHT.

To better understand the scaling of the OHT with the windsstre/e run a suite of simulations
where the wind stress was 0.5, 1.5 and 2 times the value udbd tontrol run. The maximum
value of the (global) streamfunction for the warm and cotdudations in the northern hemisphere
are plotted in Fig. 14 (left) alongside with the value of teparatrix¥ ;.. between the two cells.
Both closed circulations and the separatrix scale lineatitly the wind, i.€.V ,qm.cold.mized X T-
The temperature stratification hardly changes across sisgations, as it is strongly constrained
by the same surface restoring. Therefore according to Eqhé&@éhree heatfunction contributions,
and hence the total OHT, also scale linearly with the Wi\, cord.mizea < 7 — the cold cell
remains pretty insignificant because of the smll,,; it encounters. The heat transported by the
warm and mixed mode cells grows from 0.1 to 0.8 PW and 0.8 td®?W4 respectively. Taking
(Y warm — VYinizea) @and¥,.;...q from Fig. 14, such heat transport variations requitg, ., ~6°C

andAb,,...qa ~22°C. These are reasonable estimates of the temperature stisrgpaun by these

circulations.
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Our results are consistent with those in Vallis and Farr2€090). Vallis and Farneti using an
idealized coupled ocean-atmosphere model showed thatHifesCales linearly with the surface
winds if the ocean diabatic mixing is weak. We have shown thatOHT is only sensitive to

mixing above 2000 m and mixing is typically weak in this uppart of the water column.

The linear dependence of the OHT on the winds for the deeplations should be taken with
caution. We argued that this scaling likely reflects theipglby southern hemisphere westerlies.
The upwelling of waters in the Southern Ocean is the resudt @mpetition of wind- and eddy-
driven circulations (e.g. Hallberg and Gnanadesikan 2006pur simulations the eddy strength
is parameterized with a constant eddy diffusivity and dagschange with the winds. In contrast,
high resolution simulations suggest that the eddy strecigginges with winds in such a way as to
offset changes in the wind-driven circulation. It is thereflikely that the sensitivity of the OHT
to deep circulations is overestimated in our simulatiorfss Ts, however, of little importance for
our conclusions that the OHT scales quasi-linearly withsghdace winds—the bulk of the OHT
is indeed associated with wind-driven subtropical oveiitug cells, which scale linearly with the

surface winds. The deep circulations are less importarthiooverall scaling.

Our conclusion is twofold. First, the OHT is very sensitigechanges in winds, because a
large fraction of this transport is associated with the wilngen subtropical gyres. Second, the
smaller fraction of global OHT associated with deep watemiation in the North Atlantic and
Ekman upwelling in the Southern Ocean is also sensitive talsvi Therefore the feedback of the
oceans on climate must be understood in the context of weatdiresponding changes in winds
might have been. Water hosing experiments typically assthatedhe ocean response to massive
ice melting is limited to a decrease in high latitude conwerand its associated heat transport.
However removal of large ice masses is likely to be accongaaby changes in atmospheric
wind patterns, which in turn would induce changes in OHT.sT¢onclusion is consistent with
the increasing evidence that the wind-driven circulatind #&s coupling to the atmosphere is the

largely unknown player in climate change (Held 2001).
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6. Conclusions

The goal of this paper was to identify what physical process®&e the ocean heat transport.
This is often done by diagnosing the meridional overturrgmgulation. We have shown that a
more quantitative picture can be inferred from a new diagjoghe heatfunction The heatfunc-
tion is obtained by computing the heat transport associattudifferent branches of the over-
turning circulation in temperature coordinates. In theiftaand Indian oceans, the heatfunction
shows that the bulk of the heat transport is associated waghdal and subtropical wind-driven
gyres, despite the presence of strong circulations in tiigsabn the Atlantic Ocean, instead, the
heat transport is associated with an overturning circutethnat spans both the thermocline waters
associated with the wind gyres and the deep waters formeddhrhigh latitude convection. It
is, however, erroneous to conclude that heat transporeidtiantic Ocean is mostly sensitive to
changes in high latitude buoyancy fluxes and Southern Oceaisywin addition the heat transport

is very sensitive to mid- and low-latitude winds.

While the importance of surface and deep circulations taondeat transport has been recog-
nized in the past, the heatfunction provides a useful disgnto objectively quantify the various
contributions. The heatfunction might prove very usefuiest the skill of ocean models used for
climate studies. The Earth’s climate is very sensitive teascheat transport, but the diagnostics
typically used offer little insight on the pathways of hdaiough models. Traditionally one looks
at overturning streamfunction, temperature, salinitpgity sections, and the vertically integrated
heat transport. In addition the heatfunction shows wheteroverturning circulation is trans-
porting water at the correct temperature. Furthermore onddoestimate the equivalent of the
heatfunction for other tracers like salt, chemical anddgaial tracers providing additional tests

on model skill.

The core of this paper was devoted to testing the impact abwamphysical processes on
the ocean heat transport. A model of the ocean circulatios mva where diapycnal mixing,

high latitude convection, winds were selectively turnechad off. The heatfunction was used to
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guantify the changes in heat transport. The main conclsssbthe work are:

1) Abyssal mixing below 2000 m has a profound impact on thessélyoverturning circulation
in the southern hemisphere, but it has hardly any effect @t tiansport. Abyssal waters are
formed through convection around Antarctica and returth @id to the surface south of the
Antarctic Circumpolar Current, therefore never experiegdarge temperature variations which
is a requirement to transport large amounts of heat.

2) Strong mixing at the base of the thermocline acts to irsgehe ocean heat transport. For
large diapycnal mixing rates:(>0.3x10~* m? s7!) the cold abyssal waters spreading from the
Southern Ocean into the Pacific and Indian Oceans upwelhetsubtropical thermoclines where
they get warmed, resulting into a large heat transport. fiésslt does not apply to the present
climate, because mixing in the upper ocean is observed todad and there is no evidence of
waters upwelling from the abyss into the subtropical thezimes and contributing to ocean heat
transport.

3) The deep waters formed through convection in the Nortlrit represent the northern
limb of the overturning circulation that transports heatha Atlantic Ocean. We compared the
heat transport from two simulations in all identical exciptthe surface buoyancy fluxes in the
North Atlantic. The simulation with present day forcing lesyed vigorous convection at high
latitudes and a peak heat transport of 0.8 PW in the Northnida Convection was instead
completely absent in the simulation with weaker buoyancyefuand resulted into a 0.3 PW of
heat transport associated with the shallow wind-drive gyyFHence water mass transformations at
high latitudes contribute-60% of the North Atlantic heat transport ardl0% of the total heat
transport.

4) Winds are a crucial driver of ocean heat transport. Theusinof heat transported by
the oceans is linearly proportional to the magnitude of thedvstress (we did not study the
dependence on the wind stress curl). In the Pacific and Ind@eans this is obvious, because
heat is transported by the shallow wind-driven gyre cirtates in the tropics and subtropics.

In the Atlantic Ocean, the additional heat transported bywrturning circulation that spans
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the whole water column from low to high latitudes is also mpndnal to the wind stress — the
strength of this circulation is sensitive to both local ‘ddcnorthern hemisphere and “remote”
southern hemisphere winds.

Two implications of these results are worth emphasizingyssial mixing, defined as mixing
below 2000 m, was shown to hardly affect the heat transpogncl abyssal mixing by tides
does not appear to be an important feedback for ocean heaptd. Similar conclusions have
been reported from models that use more sophisticated paeamations of abyssal mixing by
tides (Saenko and Merryfield 2006).

A second interesting implication is that the heat transassbciated with the deep circulations
in the North Atlantic is as sensitive to winds as it is to higtitlde convection. Numerous studies
have shown that freshwater release by melting ice sheetarcest North Atlantic Deep Water
formation and the heat transport associated with the deeplation in the Atlantic (e.g. Rahm-
storf 1996). However these studies ignore the strong $ehsidf this circulation to changes in
winds and atmospheric hydrological cycle, both expectathtmge if a massive ice sheet should
melt. In Fig. 15 we show the vertically integrated heat tpmsfrom a simulation where we in-
creased the winds by 50% and completely suppressed comwectthe Northern Atlantic basin
(a combination of the two experiments shown in Figs. 12 anjd TBe result is compared to the
control run forced with present day winds and freshwaterefufmore details on the simulation
are given in the figure caption). In the northern hemisphegehanges in heat transport are quite
small because the decrease in ocean heat transport asdowilt the shut off of convection is
largely compensated by the increase in wind-driven heasprart. The heat transport increases in
the southern hemisphere where winds are the main drivingpameem. This simulation illustrates
our point: any speculation on the role of high latitude camm on the ocean heat transport must
consider the changes in wind patterns associated with thstribution of ice masses and/or the
ocean feedback on the atmospheric circulation. Furthesritas changes in both low and high
latitude winds that matters. The recent attention to theate implications of shifts in winds over

the Southern Ocean (Boning et al. 2008) must also be redudtieét realization that most of the
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ocean heat transport is carried by the wind-driven gyrekertriopics and subtropics.
We did not discuss extensively the role of geostrophic edii€lriving ocean heat transport.

We verified that the ocean heat transport is weakly sendibivehanges in the eddy diffusivity,

the parameter that represents the strength of eddy mixitigeiGent and McWilliams (1990) pa-

rameterization used in our model. There are however redas@uspect that this parameterization

underestimates the role of eddies in driving ocean heaspath First, the parameterization ig-

nores variations in eddy diffusivity in response to charigesinds (Hallberg and Gnanadesikan

2006). Second, the parameterization does not include #ygydnal transport driven by eddies

in the surface mixed layer (Marshall and Radko 2003; Greeltband Zhai 2007). We intend to

pursue these issues in future studies.
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Appendix A: Mass streamfunction in the presences of evaporation and precipitation

In this appendix we introduce the tracer transport funcfama generic tracer satisfying the
equation,
Dc

i = C, a7

whereC includes all processes that irreversibly modify the tracgrcentration, i.e. mixing, source
and sinks for chemical tracers, interaction with other sgsefor biological tracers. Furthermore
we will assume that there is a mass flux at the ocean surfaceywe allow for evaporation and
precipitation:E — P.

Let us define the ared(y, c, t) of that section below a certain value of tracer concentnatjo

Aly,c,t) = / / | dad (18)

The evolution equation for the areHy, ¢, t) is given by,

_a% / / LY dedz — = / / ,<cc dedz — / (E— P)YH(c— csury) dz.  (19)

The last term is the increase/decrease in ata c,t) resulting from evaporation and precipi-
tation of water with a value of tracer concentratior- c,, ;. The function# is the Heaviside
function which is equal to one far > ¢,,,; and zero otherwise. The equation féfy, c, t) can

be equivalently written as,

) R Y L

(20)
Notice that in order to obtain this equation we used the faat the Dirac delta function term
resulting from the functional derivative of the Heavisideétion vanishes becauge-c,,, ) 6 (c—
Csurf) = 0.
A streamfunction and tracer transport function can now limee in analogy to what done for

heat in Egs. (6) and (8),

¢) = // v H(0) = // | (y.0) dad (21)
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The main implication of the surface mass flux is that the ararhg streamfunctio (y, c) does

not necessarily vanish at the ocean surface.
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Appendix B: Calculation of the mass streamfunction in temperature coor dinates

The overturning circulation in temperature coordinategy, ¢), is computed as follows. The
temperature and velocity fieldé,andv, are interpolated on a finer regular grid with a resolution
of Az =10 min order to have a good resolution in temperature spluoe water column is then
partitioned into a set df-layers, with a resolution aAd= 1°K, and the meridional mass transport
(v + vaar) below eachy-level is computed. Finer and coarser resolutions weredestd found
to produce very similar results. Summing the contributittnsiass transport along each latitude,
for each monthly mean and averaging over one year yieldsthdtrshown in Fig. 3c.

It is important that the interpolation on the finegrid conserves the mass and heat transport
produced by the model. Since the model formulation predi¢tansport within each-layer, the
same vertical structure was kept when interpolating ontoer fi-grid, yielding a staircaselike
profile, as in the raw model outputs. This procedure exactggrves the vertically integrated
meridional mass transport at each grid point, but only axprately conserves the vertically
integrated advective heat transport at each grid point. efta in the latter was found to never

exceed 1%.
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Figure Captions

FIG. 1. The three panels represent an idealized overturninglaiion as a function of latitude and
temperature. The bell shaped upper edge of the domain egyisethe ocean surface temperature
decreasing from the equator to the poles. Each panel sltichdalance between the northward
OHT across a fixed latitude and diabatic heating to the ngghThe OHT across a latitude and
below a certain temperatuteis balanced by diabatic heating between the latitude censi
and the northern edge of the ocean. The heatfundiion 0) represents this OHT. (b) The OHT
associated with a closed circulation is given by the diabd@ating in the area between the latitude
considered and the latitude reached to the north by thatilaifon. The relationship between
this OHT and the heatfunction is given in Eq. (9). (c) The whiemnal OHT associated with a
circulation embedded in another flow is also given by the aligtheating in the area between the

latitude considered and the latitude reached to the northdtycirculation.

FIG. 2. The three panels represent three possible overturimngations for idealized oceans. In
the first panel there are only two isolated overturning cafl&arm temperatures. In the second
panel there is a single deep overturning cell at cold tentpegs. In the third panel, given by
the sum of the circulations in the first two, the surface arepdeells are connected. The shaded
area represent the area of diabatic heating that balane@setidional OHT across 2N for each

circulation.
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FIG. 3. Three versions of the overturning streamfunction (inf8wthe control simulation. (left)

The streamfunction associated with the zonally integritddrian velocity as defined in Eq. (12).
(middle) The streamfunction associated with the sum of tmalty integrated Eulerian and eddy-
induced velocities, see Eq. (13). (right) The streamfumcssociated with the zonal integral
at fixed temperature of the sum of the Eulerian and eddy-edwelocities, see Eq. (14). The
contour interval is 5 Sv. Clockwise and counter-clockwiseutations are denoted by solid and

dashed lines, respectively. The zero contour is highldhte

FIG. 4. Ocean heat transport (in PW, with positive values repm@&sg northward transport) for
the control run (solid line) and from analysis of individiigidrographic sections at a few latitudes
(crosses) as described in Ganachaud and Wunsch (2003)a$hedlline represents the mean heat
flux imposed at the ocean surface in all the model runs (e.gngJet al. 1999). The difference
between the simulated ocean heat transport (solid) andrthesed surface heat flux (dashed) is

due to the restoring term.

FIG. 5. (a) Streamfunction in latitude-temperature spacetfercontrol run. (b) The correspond-
ing heatfunction, whose contours describe the pathwaysgatf wanishes where no heat is being
transported by the ocean circulation. It is positive (negatfor heat moving northward (south-
ward). The topmost value of the heatfunction equals thé &obzective heat transport. In the top
and middle panels, black dashed lines represent the yeady mnd minimum surface tempera-
ture (based on monthly averaged data) at each latitude.ofe) advective heat transport (solid
black) and its partitioning among the four closed circaas visible in the top panel: the contri-

bution of the two shallow warm cells (dashed black) and the deep cold cells associated with
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AABW and NADW (solid grey). The grey dashed line is the resicheat transport that cannot be
ascribed to individual circulations and is carried by a corabon of the north hemisphere warm

cell and the NADW cell, here referred to as thexedcirculation.

FIG. 6. (a) Streamfunction in latitude-temperature spacehéaffunction and (c) decomposition
of the OHT among the various circulations for the Atlantice@g in the control run. Notations

are as in Fig. 5.

FIG. 7. (a) Streamfunction in latitude-temperature spacehéaffunction and (c) decomposition
of the OHT among the various circulations for the Indo-Pacftean in the control run. Notations

are as in Fig. 5.

FiG. 8. (a) Streamfunction in latitude-temperature spacehéa}function and (c) decomposition
of the OHT among the various circulations for the global oceathe enhanced abyssal mixing
run (x is set to 0.%10~* m? s~! above 2000 m and to 1:710-* m? s~! below). Notations are as

in Fig. 5.

FIG. 9. (a) Streamfunction in latitude-temperature spacehéa}function and (c) decomposition
of the OHT among the various circulations for the global ac@ehe run with enhanced uniform
mixing (= is 1x10~* m? s ~! everywhere, i.e. three times the value used in the control ru

Notations are as in Fig. 5.

FiG. 10. (a) Streamfunction in latitude-temperature spagehdbtfunction and (c) decomposition

of the OHT among the various circulations for the Pacific @deahe run with enhanced uniform
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mixing (k is 1x10~* m? s~! everywhere, i.e. three times the value used in the contro. ru

Notations are as in Fig. 5.

FIG. 11. Maximum value of the heatfunction in the southern hpimese for the warm (solid), cold
(dot-dashed), and mixed (dashed) circulations from fotfedint simulations run with uniform

diffusivities of x=(0.2,0.3,0.5,1.0§10~* m? s.

FiIG. 12. (a) Streamfunction in latitude-temperature spageh€atfunction and (c) decomposition
of the OHT among the various circulations for the Atlantice@u in the “water-hosing” run (i.e.,

a simulation where the value of the surface salinity restpniorth of 50N has been decreased by
2 psu). Note that the deep overturning cell associated WkDW has disappeared. Notations are

as in Fig. 5.

FiG. 13. (a) Streamfunction in latitude-temperature spageh€atfunction and (c) decomposition
of the OHT among the various circulations for the global edeaa run with twice the wind stress

used in the control run. Notations are as in Fig. 5.

FIG. 14. (left) Maximum value of the warm and cold overturning<a the northern hemisphere
and their separatrix streamline,,;,., from four different simulations where the wind stress was
0.5, 1.0, 1.5 and 2 times the value used in the control rughtyiCorresponding maximum value

of the heatfunction for each overturning cell.

FiGc. 15. Total OHT as a function of latitude from two differentsilations: the control run shown

in Fig. 4 (solid) and a simulation in all equal to the contrahexcept that the value of the surface
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salinity restoring north of 5N in the North Atlantic has been decreased by 2 psu and theglob

wind stress has been multiplied by a factor of 1.5 (dashed).
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FIG. 1. The three panels represent an idealized overturninglaiion as a function of latitude and
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circulation embedded in another flow is also given by the atiatheating in the area between the
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FIG. 2. The three panels represent three possible overturimgations for idealized oceans. In

the first panel there are only two isolated overturning cafl&arm temperatures. In the second

panel there is a single deep overturning cell at cold tentpegs. In the third panel, given by

the sum of the circulations in the first two, the surface anepd=ells are connected. The shaded

area represent the area of diabatic heating that balaneesetidional OHT across 2N for each

circulation.
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FIG. 4. Ocean heat transport (in PW, with positive values reprisg northward transport) for
the control run (solid line) and from analysis of individiigldrographic sections at a few latitudes
(crosses) as described in Ganachaud and Wunsch (2003)a$hedlline represents the mean heat
flux imposed at the ocean surface in all the model runs (e.gngJet al. 1999). The difference
between the simulated ocean heat transport (solid) andrthesed surface heat flux (dashed) is

due to the restoring term.






Control Run: Global
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FIG. 5. (a) Streamfunction in latitude-temperature spacehfercontrol run. (b) The correspond-

ing heatfunction, whose contours describe the pathwaysgatf wanishes where no heat is being
transported by the ocean circulation. It is positive (negatfor heat moving northward (south-

ward). The topmost value of the heatfunction equals thé &obzective heat transport. In the top

and middle panels, black dashed lines represent the yeady mnd minimum surface tempera-
ture (based on monthly averaged data) at each latitude.ofe) advective heat transport (solid

black) and its partitioning among the four closed circaas visible in the top panel: the contri-

bution of the two shallow warm cells (dashed black) and the deep cold cells associated with

AABW and NADW (solid grey). The grey dashed line is the resicheat transport that cannot be
ascribed to individual circulations and is carried by a corabon of the north hemisphere warm

cell and the NADW cell, here referred to as thexedcirculation.



Control Run: Atlantic
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FIG. 6. (a) Streamfunction in latitude-temperature spacehéaffunction and (c) decomposition
of the OHT among the various circulations for the Atlantice@o in the control run. Notations

are as in Fig. 5.



Control Run: Pacific
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FIG. 7. (a) Streamfunction in latitude-temperature spacehéaffunction and (c) decomposition

of the OHT among the various circulations for the Indo-Pacftean in the control run. Notations

are as in Fig. 5.



Abyssal Mixing: Global
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FIG. 8. (a) Streamfunction in latitude-temperature spacehéaffunction and (c) decomposition

of the OHT among the various circulations for the global oceathe enhanced abyssal mixing

run (s is set to 0.%10~* m? s~! above 2000 m and to 1:710~* m? s~! below). Notations are as

in Fig. 5.



Thermocline mixing: Global
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FIG. 9. (a) Streamfunction in latitude-temperature spacehéa}function and (c) decomposition
of the OHT among the various circulations for the global ac@eshe run with enhanced uniform

mixing (= is 1x10~* m? s ~! everywhere, i.e. three times the value used in the control ru

Notations are as in Fig. 5.



Thermocline mixing: Indo—Pacific
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FiG. 10. (a) Streamfunction in latitude-temperature spageh€atfunction and (c) decomposition
of the OHT among the various circulations for the Pacific @dadhe run with enhanced uniform
mixing (x is 1x10~* m? s~! everywhere, i.e. three times the value used in the control. ru

Notations are as in Fig. 5.
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FIG. 11. Maximum value of the heatfunction in the southern hpimese for the warm (solid), cold
(dot-dashed), and mixed (dashed) circulations from fotfedint simulations run with uniform

diffusivities of x=(0.2,0.3,0.5,1.010~* m? s.



No convection: Atlantic
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FiG. 12. (a) Streamfunction in latitude-temperature spagehdbtfunction and (c) decomposition

of the OHT among the various circulations for the Atlantice@u in the “water-hosing” run (i.e.,

a simulation where the value of the surface salinity restpniorth of 50N has been decreased by

2 psu). Note that the deep overturning cell associated wkDW has disappeared. Notations are

as in Fig. 5.



Double wind: Global
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FiIG. 13. (a) Streamfunction in latitude-temperature spageh€atfunction and (c) decomposition

of the OHT among the various circulations for the global ad@aa run with twice the wind stress

used in the control run. Notations are as in Fig. 5.
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FIG. 14. (left) Maximum value of the warm and cold overturning<a the northern hemisphere
and their separatrix streamline,,;..., from four different simulations where the wind stress was
0.5, 1.0, 1.5 and 2 times the value used in the control rughtyiCorresponding maximum value

of the heatfunction for each overturning cell.
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FiG. 15. Total OHT as a function of latitude from two differentsilations: the control run shown
in Fig. 4 (solid) and a simulation in all equal to the contrahexcept that the value of the surface

salinity restoring north of 5N in the North Atlantic has been decreased by 2 psu and theglob

wind stress has been multiplied by a factor of 1.5 (dashed).



