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ABSTRACT: Ocean circulation and mixing regulate Earth’s climate by moving heat vertically within the ocean. We

present a new formalism to diagnose the role of ocean circulation and diabatic processes in setting vertical heat transport in

ocean models. In this formalism we use temperature tendencies, rather than explicit vertical velocities, to diagnose circu-

lation. Using quasi-steady-state simulations from the Australian Community Climate and Earth-System Simulator Ocean

Model (ACCESS-OM2), we diagnose a diathermal overturning circulation in temperature–depth space. Furthermore,

projection of tendencies due to diabatic processes onto this coordinate permits us to represent these as apparent overturning

circulations. Our framework permits us to extend the concept of ‘‘Super Residual Transport,’’ which combines mean

and eddy advection terms with subgridscale isopycnal mixing due to mesoscale eddies but excludes small-scale three-

dimensional turbulent mixing effect, to construct a new overturning circulation—the ‘‘Super Residual Circulation’’ (SRC).

We find that in the coarse-resolution version of ACCESS-OM2 (nominally 18 horizontal resolution) the SRC is dominated

by an;11-Sv (1 Sv[ 106m3 s21) circulation that transports heat upward. The SRC’s upward heat transport is ;2 times as

large in a finer-horizontal-resolution (0.18) version of ACCESS, suggesting that a differing balance of super-residual and

parameterized small-scale processes may emerge as eddies are resolved. Our analysis adds new insight into super-

residual processes, because the SRC elucidates the pathways in temperature and depth space along which water mass

transformation occurs.

KEYWORDS: Advection; Lagrangian circulation/transport; Mesoscale processes; Mixing; Ocean circulation; Vertical

motion

1. Introduction

The ocean plays a crucial role in regulating Earth’s climate

by absorbing much of the anomalous heat in the climate system

due to anthropogenic greenhouse gases and redistributing it

geographically and vertically. The global ocean has accumu-

lated approximately 90% of the additional human-induced

heat since 1971 (Rhein et al. 2013; von Schuckmann et al.

2020), mitigating atmospheric surface warming (Raper et al.

2002; Otto et al. 2013), and causing global mean sea level to

rise due to thermal expansion of its volume with a warming

ocean (Church et al. 2013; WCRP Global Sea Level Budget

Group 2018).

Climate models evaluated as part of phase 5 the World

Climate Research Programme’s Coupled Model Intercom-

parison Project (CMIP5) have a large spread in their future

projections of ocean heat content change and sea level rise

(Church et al. 2013). Kuhlbrodt and Gregory (2012) investi-

gated this spread in CMIP5 and CMIP3 models and found that

it arises as a result of differences in the model’s ocean heat

uptake and vertical heat transport processes. To understand

the CMIP5 spread, it is important to understand the physical

mechanisms that transport heat vertically in the ocean com-

ponent of climatemodels. The only sources of heat in the ocean

interior are from geothermal heating and dissipation of kinetic

energy, both of which are so small that they are typically ne-

glected in climatemodels (including themodel discussed here).

In the long-term mean and in the absence of perturbations to

the climate system (e.g., due to anthropogenic forcing), the

total horizontally integrated vertical heat transport is close to

zero. However, this small total is the result of a sum of large

and competing contributions to the horizontally integrated

vertical heat transport from different processes ranging from

the large-scale circulation to small-scale turbulent mixing.

Stommel and Arons (1960) and Munk (1966) anticipated

that ocean heat can be transported downward by small-scale

mixing and upward by the overturning circulation, known as

the classical advective–diffusive balance. A circulation that

transports heat upward (i.e., involving warm water rising and

cold water sinking) acts to stratify and therefore stabilize

the water column and is referred to as ‘‘thermally direct.’’
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Likewise, a circulation that transports heat downward (i.e.,

involving cold water rising and warm water sinking) acts to

destabilize the water column and is referred to as ‘‘thermally

indirect’’ and its schematic is shown in Fig. 1. Several studies

based on coupled and ocean general circulationmodels (OGCMs),

however, revealed that heat can also be transported downward

in the global ocean by the circulation (resolved advection) and

upward by mixing processes (Gregory 2000; Gnanadesikan

et al. 2005; Wolfe et al. 2008; Hieronymus and Nycander 2013;

Exarchou et al. 2015; Griffies et al. 2015). It has been suggested

that overall, the ocean circulation in the upper 2000m is not

thermally direct (Gregory 2000; Gnanadesikan et al. 2005).

Some studies have also investigated the role of the residual

transport, defined as the sum of the resolved and parameter-

ized advection (Kuhlbrodt et al. 2015; Zika et al. 2015) and

these studies found that overall this transports heat downward

(Griffies et al. 2015; Kuhlbrodt et al. 2015).

More recently, Dias et al. (2020a,b) described the role of

individual physical processes in vertical ocean heat (and salt)

transport as well as the role of the ‘‘Super Residual Transport’’

(SRT) in quasi-steady state and under an idealized anthropo-

genic climate change scenario, respectively. The SRT was first

FIG. 1. Schematics describing (top) a thermally direct circulation and (bottom) a thermally

indirect circulation. The thermally direct circulation is anticlockwise in (left) temperature-vs-depth

coordinates (T–Z) and transports relatively cold water downward and warm water upward,

helping to stratify the water column. The thermally indirect cell, which is clockwise in T–Z,

transports warmer water downward and colder water upward, acting to destratify the water

column. These circulations are also shown in (right) geographical coordinates (i.e., latitude vs

depth). Typically, the dominant sink of heat is due to a divergence and the dominant source of

heat is due to a convergence of diffusive heat fluxes. A thermally direct cell can be driven by

thermal forcingwith a deep heat source and shallowheat sink supplying available potential energy

whereas a thermally indirect cell requires either mechanical (e.g., wind) or haline forcing to

counteract the available potential energy being removed by a deep heat sink and a shallow

heat source. Note that the blue color shows cold water and the red color shows warm water.
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defined by Kuhlbrodt et al. (2015) as the sum of the heat

transport due to resolved advection, subgridscale advection,

and subgridscale mixing due to mesoscale eddies. Dias et al.

(2020a) proposed that the SRT regime in the ocean interior

could be reinterpreted as the advective part of the classical

advective–diffusive balance. In this SRT perspective, the

classical balance has a major role in vertical heat transport

but deviates from the original theory with respect to the

nonuniform distribution of small-scale mixing, in agreement

with more recent theories (e.g., Waterhouse et al. 2014; De

Lavergne et al. 2016). Moreover, the SRT allows models with

different grid resolutions and physical process parameteri-

zations (i.e., whether processes are resolved or parameter-

ized) to be compared in a consistent framework and can be

applied to calibrate simple climate models used in policy-

making (e.g., Huber et al. 2015).

However, none of the above process studies analyzed the

role of various physical processes in vertical ocean heat

transport in tracer versus depth coordinates. Nurser and Lee

(2004) and Nycander et al. (2007) were the first to project the

ocean circulation into density versus depth coordinates.

This framework has the advantage of formally describing

how the ocean vertically redistributes buoyancy, and so in-

dicates the energetic drivers of the flow. Nycander et al.

(2007) found two major circulation cells: a thermally direct

cell (transporting buoyancy upward) at high densities and a

thermally indirect cell (transporting buoyancy downward

and therefore requiring a source of mechanical energy) at

lower densities. Later studies, such as Saenko (2009), found

that in some models, when the Eulerian and subgridscale

vertical velocities are combined, the thermally indirect cell

vanishes since the thermally direct eddy circulation is strong

enough to counter the thermally indirect circulation.

Zika et al. (2013a) reported similar circulation cells those

discovered by Nycander et al. (2007). By reprojecting the

thermally direct and thermally indirect cells onto their geo-

graphical locations, they found that the coldest thermally di-

rect cell (,28C) was associated with Antarctic Bottom Water

(AABW), while the warmer thermally indirect cell (from 28 to
188C) was linked with the interhemispheric overturning cir-

culation. Furthermore, a warmer thermally direct cell was

confined to the upper ocean (from 188 to 258C), which was

linked to the subtropical gyres and tropical circulation.

In subsequent work, Zika et al. (2015) confirmed that the

eddy-induced thermally direct circulation does not completely

counter the thermally indirect circulation in a number of

models, indicating that the residual circulation may still have a

component that transports heat downward. Based on a simu-

lation with the Community Climate System Model, version 4

(CCSM4), they also found that the downward vertical heat

transport by the thermally indirect part of the circulation to-

gether with vertical mixing was balanced by a combination of

upward heat transport by the thermally direct components of the

circulation, and also by nonadvective process such as isopycnal

mixing that tend to cool the deep ocean (Kuhlbrodt et al. 2015).

Previous studies have elucidated the role of physical pro-

cesses and individual components of the ocean circulation in

transporting heat vertically, but challenges remain in relating

different components of the ocean circulation to specific ki-

nematic (e.g., wind driven) and thermodynamic (e.g., buoy-

ancy driven) processes. That is, individual components of the

ocean circulation are mechanically driven, buoyancy driven, or

both. In this study, we advance the understanding of the

mechanisms of vertical heat transport by precisely relating

ocean circulation in temperature versus depth coordinates to

individual kinematic and thermodynamic processes that flux

heat across temperature surfaces (mixing and surface heat and

mass fluxes, Holmes et al. 2019a), in quasi-steady state simu-

lations from the 18Australian Community Climate and Earth-

System Simulator OceanModel (ACCESS-OM2). Further, we

extend the SRT concept by projecting it onto temperature–

depth coordinates, resulting in a ‘‘Super Residual Circulation’’

(SRC). This approach combines an analysis of vertical ocean heat

transport (Dias et al. 2020a) with that of diathermal ocean heat

transport (Holmes et al. 2019a) in a single framework. In this study

we define a ‘‘diathermal’’ circulation by summing the residual cir-

culation with the local tendency term as is discussed in section 3c.

In section 2 we describe the ACCESS-OM2 model config-

urations used in this study. In section 3 we explain how we use

the heat budget terms in temperature–depth space to under-

stand the ocean circulation and its associated vertical heat

transport, including the definition of the residual, diathermal,

and SRT circulation into those coordinates. In section 4 we first

present our results on the residual and diathermal circulations,

followed by the kinematic and thermodynamic representations

of the diathermal circulation and their balance in individual

circulation cells. We then investigate the driving mechanisms

of the SRC and each of its individual cells. All of these results

are based on the coarse-resolution version of ACCESS-OM2.

Last, the SRC results are compared between coarse, eddy-

permitting and eddy-rich ACCESS-OM2 configurations.

Discussion and conclusions are found in section 5.

2. Model description

Our primary analyses are based on the Australian Community

Climate and Earth System Simulator Ocean Model, version 2,

with 18 horizontal resolution (Dias et al. 2020a; Kiss et al. 2020).

ACCESS-OM2 is a global model with coupled ocean and sea

ice components and prescribed atmospheric forcing. Its ocean

component is the Modular Ocean Model, version 5.1 (MOM5;

Griffies 2012), from the National Oceanic and Atmospheric

Administration Geophysical Fluid Dynamics Laboratory

(https://mom-ocean.github.io). The sea ice component is the

Los Alamos sea ice model, version 5.1.2 (CICE5; Hunke

et al. 2015). Coupling of the ocean and sea ice components is

achieved using the model coupling toolkit from CERFACS

and CNRS, via the Ocean Atmospheric Sea Ice Soil, version

3 (OASIS3-MCT; Valcke 2006).

ACCESS-OM2 solves the primitive equations under the

hydrostatic and Boussinesq approximations with a free surface

and horizontal spatial discretization on an Arakawa B-grid

(Arakawa and Lamb 1977; Griffies and Greatbatch 2012).

Following Bi et al. (2013), the vertical grid comprises 50 ver-

tical levels, with thickness increasing from 10m at the surface

to 333m at a depth of 6000m. The horizontal resolution is
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nominally 18, with a meridional resolution of 1/38 in the equa-

torial band, a cosine-dependent (Mercator) meridional reso-

lution in the Southern Ocean, and a tripolar grid in the Arctic

(Murray 1996). The prognostic temperature variable is Con-

servative Temperature—hereinafter temperature (Q)—using

a pre-TEOS-10 equation of state configuration (Jackett et al.

2006; http://www.teos-10.org/preteos10_software/).

The impacts of mesoscale eddies in ACCESS-OM2 are pa-

rameterized using explicit neutral tracer diffusion (Solomon

1971; Redi 1982) and the advective transport parameterization

of Gent and McWilliams (1990) and Gent et al. (1995). The

latter is implemented in ACCESS-OM2 as a skew diffusion

according to Griffies (1998) and Ferrari et al. (2010). The

K-profile parameterization (KPP) from Large et al. (1994) is

used for vertical diffusion of tracers and momentum in the

upper ocean. The restratification effect of submesoscale eddies

in the mixed layer is parameterized as in Fox-Kemper et al.

(2011), implemented again using skew diffusion.

Our ACCESS-OM2 simulation was initialized from rest

with temperature and salinity from theWorldOceanAtlas 2013

(WOA13; Locarnini et al. 2013; Zweng et al. 2013) and run for

1020 years. Surface forcing is from version 1.3 of the JRA-55-

do (Tsujino et al. 2018) dataset for forcing ocean/sea ice

simulations, derived from the Japanese-55-year atmospheric

Reanalysis (JRA-55; Kobayashi et al. 2015). In particular, we

use repeat year forcing from 1May 1984 through 30 April 1985

(RYF8485; Stewart et al. 2020). The last 20 years of the spinup

were then used for our analyses (section 4). More details on the

model configuration, on the experimental design and quasi-

steady state simulations are found in Dias et al. (2020a).

To complement analysis of the main ACCESS-OM2 simu-

lation, which was forced with 1984–85 forcing (Dias et al.

2020a), in section 4f we analyze a hierarchy of simulations from

18 to 0.18 resolution, all of which were forced with repeat year

forcing 1990–91. These simulations used updated version of

the 18 (ACCESS-OM2-1), 0.258 (ACCESS-OM2-025, ‘‘eddy-

permitting’’), and 0.18 (ACCESS-OM2-01, ‘‘eddy-rich’’) con-

figurations described in Kiss et al. (2020).

The ACCESS-OM2-1 and ACCESS-OM2-025 configura-

tions have 50 vertical levels and uses the vertical grid scheme of

Stewart et al. (2017) that has refined vertical resolution in the

upper ocean, as compared with the main ACCESS-OM2

configuration discussed above, in order to better resolve baro-

clinic modes on the continental shelves (from 2.3m at the

surface to 219m in the abyssal ocean). ACCESS-OM2-01 has

an even finer vertical resolution [75 vertical levels following the

Stewart et al. (2017) scheme, from 1.1m at the surface to 200m

in the abyssal ocean] than the other configurations. As ACCESS-

OM2-025 only partially resolves eddies, it also includes the Gent

and McWilliams (1990) and Redi (1982) parameterizations for

the mixing effects of subgridscale mesoscale eddies but with

smaller mixing coefficients than ACCESS-OM2-1. More details

of the mixing coefficient used in these configurations are avail-

able in Table 1. AsACCESS-OM2-01 is an eddy richmodel, and

hence there is no parameterization for mesoscale eddies.

All three configurations (ACCESS-OM2-1, ACCESS-OM2-

025, and ACCESS-OM2-01) were initialized with the same

monthly climatologies of temperature and salinity from

WOA13. Due to computational expense the length of the

model spinup reduces with increasing horizontal resolution.

We used the 1990–91 repeat year forcing for these simulations

to be consistent across the resolutions. Note that, these three

simulations are only discussed in section 4f, the remainder of

our analysis focuses exclusively on the main 18 ACCESS-

OM2 simulation used in Dias et al. (2020a).

3. Methods

Here we describe how we use temperature versus depth

coordinates to understand the ocean circulation and its asso-

ciated vertical heat transport.

a. Heat budget

Acommonway to analyze the ocean’s temperature budget is

to use an Eulerian approach (Gregory 2000; Hieronymus and

Nycander 2013; Exarchou et al. 2015; Dias et al. 2020a,b) where

›Q

›t
52= � (uQ)1= � (K

eddy
Q)1= � (K

small
Q)1

F

r
0
C

p

. (1)

The left-hand side of Eq. (1) is the local temperature tendency.

The right-hand side represents the convergence of resolved

and parameterized (subgridscale) physical processes and other

sources of heat, with units of degrees Celsius per second.

Specifically, u is the 3D residual velocity, Keddy is a diffusion

tensor representingmesoscale eddymixing,Ksmall is a diffusion

tensor that encompasses mixing processes typically smaller

than mesoscale eddy scales, F comprises the remaining local

heat sources such as surface forcing (Wm23), r0 is a refer-

ence density (1035 kgm23), and Cp is the heat capacity

(;3992 J kg21 K21). The terms in Eq. (1) are provided as

model diagnostics in ACCESS-OM2 at each grid cell as

2= � (uQ)5ADV1MESO1SUB, (1a)

= � (K
eddy

Q)5 ISO, (1b)

= � (K
small

Q)5DIA1KPP1CON1SIGMA_DIFF, and

(1c)

F5 SFC1 SWP1PME1RIV1FRZ. (1d)

Here, ADV is mean advection by the velocity resolved by

ACCESS-OM2, MESO is mesoscale advection (Gent et al.

1995) implemented as a skew diffusion (Griffies 1998), SUB is

restratification in the mixed layer due to submesoscale eddies

(Fox-Kemper et al. 2011) also implemented as a skew diffu-

sion, ISO is isoneutral diffusion (Redi 1982; Griffies et al.

1998), DIA is dianeutral diffusion including the background

vertical diffusion and diffusion associated with other parame-

terization schemes including KPP, KPP is the nonlocal com-

ponent of the K-profile parameterization (Large et al. 1994),

CON is convection due to buoyancy instability (Klinger et al.

1996) and also includes a contribution from downslope mixing

(Snow et al. 2015), SIGMA_DIFF is diffusion along the slope

of topography (Beckmann and Döscher 1997), SFC captures

the turbulent and radiative surface heat fluxes (where the

penetration of shortwave radiation into the interior is treated
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separately as SWP) (Sweeney et al. 2005), PME and RIV are

the heat fluxes associated with the surface volume fluxes due to

precipitation minus evaporation and river runoff, respectively,

and FRZ denotes the heat flux into the ocean associated with

frazil formation (sea ice). All of the diagnostics used in Eq. (1)

were output as monthly averages. In this study we use tem-

perature tendency diagnostics that close the heat budget by

construction (Dias et al. 2020a,b). This closure is important

because offline calculations of the advective vertical heat

transport based on vertical velocities multiplied by grid cell

interface temperature can be inaccurate (Zika et al. 2015).

b. Residual circulation

The standard approach to calculate the residual circulation in

temperature–depth coordinates is to accumulate the vertical ve-

locity as a function of temperature at constant depth Z. That is,

c(Q0,Z0)5
ðð

Q,Q0 ,Z5Z0
wdA. (2)

At depth Z0 and conservative temperature Q0, c(Z0, Q0) is the
total vertical volume transport through the Z0 depth surface

and at temperatures colder than Q0. Here w is the residual

vertical velocity. The residual vertical velocity is the sum of the

mean and eddy-induced components of the vertical velocity.

The latter is the velocity due to parameterizations of mesoscale

eddies from Gent and McWilliams (1990) and Gent et al.

(1995), along with mixed layer submesoscale eddies from Fox-

Kemper et al. (2011). However, note that these parameteri-

zations are implemented in the model using skew diffusion.

The eddy velocity diagnosed here is that which would result in

the same tracer evolution if the parameterization were instead

implemented advectively (Griffies 1998). Here, c(Q0, Z0) rep-
resents the residual circulation in temperature-versus-depth

coordinates using residual vertical velocity and does not com-

prise other subgridscale effects such as eddy diffusion since

these are not represented as an advective process (neither in

the model nor as a postprocessed diagnostic).

The total heat transport due to the residual circulation is

typically computed by integrating c in temperature coordi-

nates such that

vertical heat transport (Z5Z0)5C
p
r
0

ðð
Z5Z0

wQ dA

5C
p
r
0

ð
c(Z0,Q)dQ . (3)

To calculate the heat transport due to distinct components of

the circulation, we use the method of Ferrari and Ferreira

(2011), by integrating the residual circulation over the tem-

perature range associated with a particular closed cell of c.

A limitation of Eq. (3) arises from the fact that the vertical

advective heat transport is not exactly related to the model’s

average wmultiplied by its averageQ since advection schemes

are typically nonlinear and involve various flux limiters and

numerical stencils (Domingues et al. 2006). Thus, the vertical

heat transport diagnosed from Eqs. (2) and (3) does not cor-

respond exactly to the horizontal and vertical integral of the

heat tendency terms in Eq. (1). Also, the time scale on which w

and Q are saved can affect the diagnosed total heat transport

(Zika et al. 2013a, their Fig. A1).

Given that we are considering an incompressible flow, we

can exploit the divergence theorem to give the following al-

ternative formulation for c, here denoted by c*

c*(Q0,Z0)52

ðð
Z,Z0 ,Q5Q0

u �=Q/ j=QjdA . (4)

In Eq. (4) we are integrating the velocity normal to the surface

where Q 5 Q0 below the depth Z0. Since the flow is incom-

pressible the integral in Eq. (4) is exactly opposite to the for-

mulation given by Eq. (3). Note that Eq. (4) does not describe

the transport across the Q 5 Q0 temperature surface. It only

describes the transport normal to the surface. Equation (4)

therefore describes the combination of the inflation of the

temperature layer and the amount of fluid crossing the tem-

perature surface bounding it. For an incompressible fluid, this

is exactly equal to the amount of water entering the layer

across the depth surface (which itself does not move) described

by Eq. (3).

It is numerically more convenient to restate Eq. (4) as the

derivative of a volume integral rather than an area integral (see

section 7.4 of Groeskamp et al. 2019) such that

TABLE 1. Configuration and initialization differences across ACCESS-OM2, ACCESS-OM2-1, ACCESS-OM2-025, andACCESS-OM2-01

experiments.

ACCESS model OM2 OM2-1 OM2-025 OM2-01

Horizontal resolution 18; not eddy resolving 18; not eddy resolving 0.258; eddy
permitting

0.18; eddy rich

No. vertical grid cells 50; Adcroft and Campin (2004) 50; Stewart et al. (2017) 50; Stewart

et al. (2017)

75; Stewart

et al. (2017)

Spinup length 1020 yr 1020 yr 500 yr 175 yr

Eddy-induced advection

coef (m2 s21)

50–600 50–600 1–200 Not parameterized

Along-isopycnal neutral

diffusion coef (m2 s21)

600 600 200 Not parameterized

Background vertical diffusivity 1 3 1026 m2 s21 at the equator

and 5 3 1026 m2 s21 pole-

ward of6208 (Jochum 2009)

1 3 1026 m2 s21 at the equator

and 5 3 1026 m2 s21 pole-

ward of6208 (Jochum 2009)

0.0 1 3 1026 m2 s21
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c*(Q0,Z0)52
›

›Q

ððð
Z,Z0 ,Q,Q0

= � (uQ) dV . (5)

Now the term in the integral of Eq. (5),=�(uQ), is the advection

term in the heat budget, and therefore this formulation of c*

can be derived directly from the net advective heat flux con-

vergence. It can then, through Eq. (3), be related to the net

advective vertical heat transport.

In the following sections we will show that Eq. (5) further-

more allows us to evaluate the contribution of different heat

budget terms to the circulation in temperature versus depth

coordinates.

c. Diathermal circulation

In principle, if the volume below each depth and colder than

each temperature is constant in time, then the amount of water

crossing a depth surface below a certain temperature is equiv-

alent to the amount of water crossing a temperature surface

below a certain depth. That is, c represents a ‘‘streamfunction,’’

and flow can be thought of as following its streamlines in a mean

sense. Therefore, in this steady state case, we can consider the

circulation both from the point of view of the vertical transport

crossing depth surfaces, c* [Eq. (5)—related to kinematic pro-

cesses] and from the point of view of the transport of water

across temperature surfaces (related to thermodynamic pro-

cesses), which we call the diathermal circulation cdia.

The rate at which water crosses an isotherm locally is the

velocity normal to the temperature surface plus an effect re-

lating the movement of the isotherm surface itself (Groeskamp

et al. 2014). Thus, we can define an accumulated diathermal

transport cdia as

cdia (Q0,Z0)52

ðð
Z,Z0 ,Q5Q0

�
›Q

›t
1= � (uQ)

�
=j=QjdA

52
›

›Q

ððð
Z,Z0 ,Q,Q0

›Q

›t
1= � (uQ) dV

52
›

›Q

ððð
Z,Z0 ,Q,Q0

›Q

›t
dV1c*. (6)

Although cdia represents a volume transport, it is related di-

rectly to the Lagrangian temperature tendency, which is given

by the sum of the local tendency plus convergence due to ad-

vection both resolved and parameterized. We will refer to cdia

as the ‘‘diathermal circulation.’’ Alternatively, diathermal

volume transports can only occur in the presence of diabatic

processes (i.e., surface forcing or turbulent mixing) that change

the heat content of a given fluid parcel (Holmes et al. 2019a).

Thus, cdia can be equivalently expressed in terms of these di-

abatic processes [using Eq. (1)],

cdia(Q0,Z0)52
›

›Q

ððð
Z,Z0 ,Q,Q0

"
= � (K

eddy
Q)

1= � (K
small

Q)1
F

r
0
C

p

#
dV . (7)

Equation (7) defines a measure of the depth–temperature

overturning circulation that is traceable only to the Eulerian

diabatic temperature tendency terms. This alternative view of

the temperature–depth circulation streamfunction is similar to

the linkage of circulation in the latitude–temperature plane to

diabatic processes discussed by Holmes et al. (2019b). Other

advantages of this new formalism include the following:

(i) We can compute the sum of the local heat content change

and advective heat flux directly from cdia using Eq. (3)

and be guaranteed that the result will be exactly equal

and opposite to the heat loss due to diabatic processes

(not shown).

(ii) We can evaluate the contribution to the temperature–depth

circulation of each term in the heat budget and hence the

role of each either kinematic or diabatic process in stabilizing

or destabilizing thewater column. These diagnostics describe

the ‘‘equivalent’’ temperature–depth circulation that would

achieve the vertical heat transport given by each term in

the budget.

(iii) We can determine different circulations due to the combined

effect of different temperature tendency terms relating to

different scales of ocean physics.

In section 3d we will consider ii, and then in section 3e we

expand on iii and derive a circulation describing superresidual

processes: the SRC.

d. Circulation due to individual diabatic processes

It is routine to represent ocean circulation as having distinct

components related to Eulerian mean advection and other

contributions to the flow that are represented by distinct ve-

locity vectors (either explicitly in a model or as a diagnostic

such as in the case of skew diffusion in ACCESS). The for-

malism we have presented in the previous sections permits us

to present any term in the temperature tendency Eq. (1) as a

circulation in temperature–depth space.

For example, the circulation attributable to parameterized

mesoscale eddy induced diffusion can be computed via

Eddy diffusion circulation5
›

›Q

ðð
Z,Z0 ,Q,Q0

= � (K
eddy

Q) dV .

(8)

It is important to note here that the inferred circulation for

eddy diffusion is not the contribution of eddy mixing to the

residual or diathermal circulation. Rather it is the circu-

lation that would be required to affect the same vertical

heat transport as induced by eddy diffusion. In the case of

eddy diffusion, since this term typically induces a large

upward heat transport, we expect it to be dominated by a

thermally direct circulation. Convection (i.e, CON), which

restratifies gravitationally unstable water columns, we also

expect to be associated with a thermally direct circulation

(unless salinity is the dominant driver of the instability).

Stratified vertical mixing (i.e., DIA) on the other hand

tends to mix heat downward (when the temperature strat-

ification is stable), which we expect to be described by a

thermally indirect circulation. In section 4c we show the

relevant circulations for a range of parameterized pro-

cesses in ACCESS.
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e. SRC

The SRT describes the bulk contribution of Eulerian mean

advection, mesoscale eddy advection and mesoscale eddy dif-

fusion to vertical heat transport. Here we extend this concept

to derive the net contribution of those processes to the circu-

lation in temperature versus depth coordinates. We call this

circulation the SRC.

We define cSRC(Q0,Z0) as in Eq. (6) but drawing all the eddy

effects into the integral such that

cSRC(Q0,Z0)5
›

›Q

ððð
Z,Z0 ,Q,Q0

2= � (uQ)1= � (K
eddy

Q) dV .

(9)

Here cSRC comprises the sum of the ADV, MESO, ISO, and

SUB terms of the heat budget (section 3a), so the SRC rep-

resents the total advective circulation due to resolved and

parameterized eddy processes. By also including the sub-

mesoscale advection (SUB) term, which captures the effect of

submesoscale instabilities in the mixed layer (Fox-Kemper

et al. 2011; Zhang et al. 2019), our SRC slightly deviates from

the original SRT definition in terms of mean advection

(ADV), eddy advection (MESO), and eddy mixing (ISO)

contributions to the vertical heat transport (Kuhlbrodt et al.

2015; Dias et al. 2020a,b). In section 4 we show results of

vertical heat transport by SRC with and without SUB. Again,

the vertical heat transport achieved by the SRC is calculated

using Eq. (3) by integrating cSRC(Q0, Z0)with respect to

temperature.

To summarize, the key motivations for defining cSRC are the

following:

1) By combining resolved and parameterized advection with

eddy mixing terms we yield an apparent circulation that

represents all large and mesoscale circulation processes.

2) Combining all these processes means cSRC from coarse-

resolution models (where mesoscale processes are param-

eterized) can be compared with circulations derived from

data that capture mesoscale processes directly, for example

fine-resolution models.

3) The cSRC represents a circulation whose vertical heat

transport, in steady state, is balanced only by small-scale

three-dimensional mixing processes as in the classical ad-

vective diffusive balance hypothesized by Munk (1966).

f. Numerical implementation of diagnostics

For all diagnostics that required binning into temperature co-

ordinates this binning was performed offline based on monthly-

averaged tendency and temperature outputs. Specifically, for the

computation of c [Eq. (2)] vertical velocity components were

saved monthly on the model Eulerian grid. These were mul-

tiplied by grid cell interface area, binned at constant depth in

0.58C temperature bins using the monthly-averaged Eulerian

temperature field and then accumulated with respect to tem-

perature from coldest to warmest. This binning is repeated for

eachmonthlymean fields, then an average is taken over the last

20 years of the simulation.

For the computation of c* [Eq. (5)] vertical grid cell thick-

ness weighted advective tendency terms were saved monthly

on the model grid, multiplied by grid cell area and then binned

at constant depth in 0.58C temperature bins using the monthly-

averaged temperature field and then accumulated with respect

to depth from deepest to shallowest. The same approach was

also used for all other terms in the temperature budget. To

form cSRC [Eq. (9)], for example, appropriate terms were

summed together. Again, the binning was performed for each

month and then a 20-yr average was taken.

We have repeated our analysis for ACCESS-OM2with a bin

size of 0.18C and found that this does not significantly change

our results for the total heat transport. In terms of the finer

details of the overturning diagnostics, as the bin size increases

some noise is introduced associated with the advective ten-

dency term (not shown). Therefore, we choose a bin size of

0.58C for the rest of the analysis. Although the heat budget is

closed at each grid cell, some of our result may be sensitive to

the use of offline binning. For example, Holmes et al. (2019a)

found that online binning was required to close the heat budget

in temperature coordinate sufficiently to accurately diagnose

numerical mixing.

4. Results

a. Residual and diathermal circulation

In ACCESS-OM2, the vertical velocity based residual cir-

culation c has two thermally direct cells (bottom and surface;

blue) and a thermally indirect cell (deep; red) (Fig. 2a), as in

Zika et al. (2013a). The thermally direct cells (anticlockwise/blue)

transport heat upward and so act to stabilize the ocean’s ver-

tical stratification while the thermally indirect cell transports

heat downward into the ocean interior (clockwise; red). Zika

et al. (2013a) linked the thermally direct cell at tempera-

tures below 38C with Antarctic Bottom Water formation

and circulation, and that at temperatures greater than 158C
with the shallow tropical and subtropical overturning cells.

They associated the thermally indirect cell with the inter-

hemispheric meridional overturning circulation associated

with North Atlantic Deep Water. While expected, it is also

reassuring to confirm these basic structural features of the

ocean’s circulation.

The residual circulation derived from advective temperature

tendencies c* is qualitatively similar to c and displays the same

thermally direct and indirect cells (Fig. 2b). The sum of the

integral of the local tendency and c* [Eq. (6)] defines a dia-

thermal circulation cdia, shown in Fig 2c, that is also similar.

The total horizontally integrated vertical heat transport

computed from c* and c using Eq. (3) are shown in Fig. 2d.

Since c* is based on the temperature tendencies, the total ver-

tical heat flux derived from it is the most accurate obtainable,

and the only representation that can produce a closed heat

budget. It can be seen that c underestimates the downward

heat transport in the upper 2000m and overestimates the up-

ward heat transport in the deep ocean relative to c*. It is im-

portant that vertical heat transport differences between c and

c* are largest at depth 1000m (where c transports less heat
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FIG. 2. Overturning circulation (Sv, [106m3 s21) in temperature-vs-depth coordinates

(a) computed using the residual vertical velocity c, (b) computed using advective tendencies

c*, and (c) computed using the local time tendency plus advection tendency cdia. Positive (red)

values show clockwise (thermally indirect) circulation, and negative (blue) cells are anti-

clockwise (thermally direct). (d) Vertical heat transport (PW, [1015W; positive downward)

calculated using c (red), c* (black), and cdia (blue dashed).
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downward than c*) and also at 3000m (c transports more

heat upward).

We also found that the mismatch between the heat transport

described by c and c* remains similar as temperature resolu-

tion of the binning is increased (not shown). This suggests their

mismatch relates to a difference between the actual vertical

heat flux computed by ACCESS-OM2’s advection scheme

and a heat flux derived offline from the model’s vertical ve-

locity and temperature. The residual circulation c* exactly

describes the vertical heat transport.Wewill use tendencies for

the remainder of our analysis.

The diathermal circulation cdia is qualitatively similar to c*

displaying the same thermally direct and indirect cells (indi-

cating that local tendency is relatively weak). Since by con-

struction the heat budget in Eq. (1) is satisfied at each grid cell

in ACCESS-OM2, our calculation of cdia is identical regardless

of whether we use Eqs. (6) or (7) (Fig. 2c). Also, cdia using

Eq. (6) shows the kinematic contribution to cdia whereas

Eq. (7) shows the contribution of thermodynamic processes to

cdia. We therefore investigate the contribution of both kine-

matic and thermodynamic processes to cdia and the associated

heat transport.

b. Diathermal circulation from kinematic terms in the
temperature budget

We compute the contribution of the resolved mean (ADV),

parameterized mesoscale (MESO) and parameterized sub-

mesoscale (SUB) advection to cdia. The contribution of mean

advection is dominated by a thermally indirect circulation,

transporting warmer water downward and colder water up-

ward (Fig. 3a). The contribution of parameterized mesoscale

advection displays a single thermally direct cell with a tendency

to transport warm water upward and relatively cold water

downward (Fig. 3b). The parameterized submesoscale advec-

tion contribution is also thermally direct but is confined to the

ocean shallower than 700m (Fig. 3c), as submesoscale advec-

tion is a parameterized mixed layer process (Fox-Kemper

et al. 2011).

The thermally direct nature of the parameterized eddy ad-

vection is expected since such parameterizations are designed

to lower the potential energy of the ocean (Gent et al. 1995;

Fox-Kemper et al. 2011) and temperature dominates density

variations in most regions of the interior ocean. There is a large

cancelation between the thermally indirect mean and the

thermally direct eddy advective circulations. This cancelation

has been observed in density–depth coordinates in both coarse-

resolution (Saenko 2009, their Fig. 10) and eddy-permitting

simulations (Zika et al. 2013b; Hogg et al. 2017), and is a no-

table feature of the Southern Ocean.

The final term that we have considered in the calculation of

cdia from Eq. (6) is the Eulerian local tendency term ›Q/›t. If

the simulations were in a perfect steady state this term would

be zero. Indeed, over our averaging window the local tendency

term is close to but not perfectly zero (Fig. 3d). This small local

tendency term is likely due to underlying residual drift in the

model’s water masses away from the initial condition and

due to internal variability in the model (Dias et al. 2020a,

their Fig. 1).

c. Circulation related to thermodynamic terms in the
heat budget

The circulation in the temperature–depth diagram describ-

ing each individual diabatic process is given in Fig. 4 and their

associated heat transports calculated using Eq. (3) are shown in

Fig. 5. Diabatic processes comprise all of the tendency terms

listed on the right-hand side of Eq. (1), except for the advection

term. The mixing terms are DIA, ISO, KPP, SIGMA_DIFF,

and CON. From the surface heat and mass flux terms we only

consider SWP, RIV, and FRZ whereas SFC and PME are

confined only to the air–sea interface.

As discussed in section 3d, the circulations in Fig. 4 are the

temperature–depth circulations that describe the vertical heat

transport affected by each diabatic process. DIA warms the

deep ocean (Fig. 4a), so as a temperature–depth circulation it

displays a thermally indirect circulation (clockwise) with a

downwardmovement of warmwater and upwardmovement of

cold water. In contrast, ISO, CON, and KPP (Figs. 4b–d, re-

spectively), for water above 08C, are thermally direct. Again,

ISO is largely thermally direct over these temperatures since it

is dominated by the mixing of cool fresh surface waters with

warmer more saline deep waters along isopycnal in the

Southern Ocean (Kuhlbrodt et al. 2015). Below 08C, DIA and

ISO are both thermally indirect and are partially balanced by

the thermally direct CON. CON parameterizes the effect of

convection, which transfers buoyancy upward, since buoyancy

is dominated by temperature, causes deeper water to cool and

shallower water to warm (Fig. 4c) resulting in a thermally di-

rect contribution to cdia. SWP warms subsurface water with an

apparent thermally indirect circulation within the upper 100m

(Fig. 4e), while the influence of SIGMA_DIFF is negligible

(not shown). Other than SWP, the remaining surface flux terms

do not contribute to the circulation in temperature–depth

space since they have no subsurface expression.

d. Balance of kinematic and thermodynamic processes in

individual cells

Overall, the heat flux due to the diathermal circulation is

downward in the upper 2000m and upward below 2000m

(Fig. 5a). The vertical structure of this heat flux is similar to

previously reported results about the residual circulation (Zika

et al. 2013a, 2015). In the upper 100m, DIA, SWP and the total

cdia transfer heat downward while KPP and ISO transfer heat

upward. Between 100 and 2000m, the total cdia and DIA

transport heat downward, and the remaining diabatic pro-

cesses transport heat upward from the deep ocean. ISO has the

largest contribution to this upward heat transport. Below 2000m,

heat is transported upward by cdia and is mainly balanced by

DIA as in the classical advective–diffusive balance (Stommel

and Arons 1960; Munk 1966; Munk and Wunsch 1998).

We decompose cdia into individual cells: a surface cell, a

deep cell and a bottom cell, then calculate how kinematic and

thermodynamic processes balance each other within each cell.

The heat transport by the surface, deep and bottom cells were

computed following Zika et al. (2013a) by integrating over

each cell with respect to temperature at constant depth using

Eq. (3) and with the following conditions:
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FIG. 3. Overturning circulation (Sv) in temperature (8C)-vs-depth (m) coordinates due to

(a) Eulerian mean, (b) mesoscale, and (c) submesoscale advective tendencies and (d) the

Eulerian local time tendency. Positive (red) values show clockwise (thermally indirect) cir-

culation, and negative (blue) cells are anticlockwise (thermally direct).
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FIG. 4. Overturning circulation (Sv) implied by each diabatic term in the temperature ten-

dency budget: (a) diapycnal mixing, (b) isopycnal mixing, (c) convection, (d) KPP mixing, and

(e) short wave penetration. The remaining air–sea heat flux terms imply movement of water to

different temperatures only in the shallowest layer of the ocean model and are not shown.

Positive (red) values show clockwise (thermally indirect) circulation, and negative (blue) cells

are anticlockwise (thermally direct).
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FIG. 5. (a) The vertical heat transport (PW; positive downward) due to individual diabatic processes and the sum

of advective processes and the local trend (diathermal circulation). Also shown is the heat transport due to indi-

vidual overturning circulation cells of the diathermal circulation shown in Fig. 2c and by corresponding diabatic

process within those cells. They are (b) the thermally indirect deep cell, (c) the thermally direct bottom cell, and

(d) the thermally direct surface cell.
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1) the surface cell is where cdia , 0 and Q . 158C,
2) the deep cell is where cdia , 0, for all Q, and

3) the bottom cell is where cdia , 0 and Q , 38C.

In a similar way we have also calculated the contributions to

vertical heat transport associated with each diabatic process

within each cell (Figs. 5b–d). The sum of heat transports by a

particular diabatic process over all cells gives the total vertical

heat transport attributable to that process.

The thermally indirect deep cell transports heat downward

from the sea surface to;2500m (Fig. 5b). DIAalso constitutes a

downward flux of heat and the two are completely balanced by

ISO except in the upper 150m where KPP and CON also con-

tribute to an upward heat transport. Here, downward heat

transport by the thermally indirect deep cell, which has been

associated with interhemispheric overturning circulation (Zika

et al. 2013a), is largely balanced by isopycnal mixing in the

Southern Ocean (not shown).

The thermally direct bottom cell transports heat upward

from the seafloor at ;5000m to near the sea surface (Fig. 5c).

Convection (CON) also contributes substantially to the up-

ward heat transport from deep ocean to surface. These terms

are balanced by both ISO and DIA, which transport heat

downward. In the upper 1800m, the vertical heat flux associ-

ated with ISO is larger than DIA. Below 2000-m depth, DIA

dominates the downward heat transport, entirely balancing the

upward heat transport by the cold cell below 3000m where

CON tapers to zero. In this model the bottom cell, which has

been associated with Antarctic Bottom Water (Zika et al.

2013a), is not only balanced by diapycnal mixing, as expected

(e.g., De Lavergne et al. 2016) but also isopycnal mixing.

The thermally direct surface cell is confined to above 200-m

depth and transports heat upward peaking at;1.2 PW at 40-m

depth (Fig. 5d). KPP and ISO also transport heat upward and

are balanced by SWP and DIA. Therefore, in this circulation,

which has been associated with subtropical gyres (Zika et al.

2013a), upward heat transport by the thermally direct surface

cell combined with KPP is balanced by shortwave penetration

and diapycnal diffusion.

e. SRC

The SRC is represented by the sum of the advective terms

(resolved and parameterized advection) along with eddy mix-

ing terms in Eq. (9). The SRC quantifies the equivalent circu-

lation to that which would be measured were the eddies

represented by parameterizations explicitly resolved in our

model. The dominant feature of the SRC is a thermally direct

cell extending throughout the entire water column (Fig. 6a),

with;11 Sv (1 Sv[ 106m3 s21) of water downwelling near 08C
and upwelling around 28C, across the 1000-m depth surface.

The addition of the ISO term to the advective terms to make

the SRC clearly turns the largely thermally indirect diathermal

circulation of the majority of the ocean to a thermally direct

flow. That is, the heat transported downward by the Eulerian

and eddy driven circulation associated with the upper cell of

the overturning is more than counteracted by heat transport by

isopycnal mixing.

There is also a substantial thermally indirect cell at tem-

peratures colder than 08C, from the surface to a maximum

depth of 2000m, with a peak transport of 23 Sv above 200m but

reducing to around 10 Sv over the 200–1500-m depth range.

FIG. 6. (a) The SRC cSRC (Sv); (b) the associated vertical heat transport SRC (PW; positive

downward) for ACCESS-OM2.
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The deep warming of this thermally indirect SRC likely bal-

ances the strong deep cooling achieved by thermally direct

convection (CON).

We have calculated the vertical heat transport due to the

SRC using Eq. (3), giving the SRT (Fig. 6b). Our resulting SRT

is qualitatively similar to those reported by Dias et al. (2020a),

although here our SRC is transporting heat upward at nearly

all depths due to the inclusion of SUB in our analysis (blue

line, Fig. 6b), as explained in section 3d. Since SUB is only

nonzero near the surface (Fig. 3c), below 700m, the SRCwith

and without SUB included are identical (blue and black

line, Fig. 6b).

Unlike previous studies that derived a single depth dependent

curve for global SRT, here because we have described super-

residual processes with a streamfunction, we can separate the

heat transport due to distinct components of the circulation

(Ferrari and Ferreira 2011; Zika et al. 2013a). In Fig. 7, we

separate the heat transport associated with the SRC’s ther-

mally direct (cSRC , 0) and indirect (cSRC . 0) components

(these are closed anticlockwise and clockwise circulation cells

in Fig. 6, respectively) as well as the corresponding heat trans-

port by each diabatic process in each cell.

The thermally direct component of the SRC transports

heat upward throughout the water column (Fig. 7b). This

heat transport is compensated by diapycnal diffusion (DIA)

at all depths that transports heat downward. Here the SRC is

dominated by a thermally direct cell that is largely balanced

by vertical heat transport due to small-scale mixing. The

SRC therefore describes a circulation that conforms to the

overturning circulation envisaged in classical advective–

diffusive balance (Stommel and Arons 1960; Munk 1966;

Munk andWunsch 1998). However, comparison with the c*,

which is largely thermally indirect, suggests that isopycnal

mixing is doing as much or more of the stabilizing vertical

heat transport required to balance the effect of small-scale

three-dimensional mixing than resolved and parameterized

advection combined.

The thermally indirect component of the SRC transports

heat downward (Fig. 7c). This circulation is largely found in the

upper 2000m of the ocean and at temperatures less than 08C,
suggesting it is associated with regions of bottom and deep

waters formation. The vertical heat transport of the thermally

indirect cell of SRC and DIA are mostly compensated by KPP

near the surface and CON down to 2000m, which move

heat upward.

Overall, our diagnosis of the contribution of individual cir-

culation cells and individual diabatic processes to the super-

residual heat transport expands on the analysis of Dias et al.

(2020a). Namely, we have shown that the SRT has two major

contributors, one that transports heat upward and the other

that transports it downward, with differing balancing diabatic

processes.

f. SRC comparisons across the different configurations of
the ACCESS model

Here, we compare the SRC and associated heat transport

across three different configurations of the ACCESS model

(Kiss et al. 2020, as introduced in their section 2), with 18

(ACCESS-OM2-1), 0.258 (ACCESS-OM2-025), and 0.18
(ACCESS-OM2-01) resolutions, as shown in Fig. 8. The

SRC is dominated by a thermally direct cell, i.e., buoyancy-

driven in all three resolutions at temperatures between 0

and 38C, from 200m to the seafloor (Figs. 8a–c). At 18C and a

depth of 1000 m (the approximate depth of the maximum of

the thermally direct cell in colder temperature), ACCESS-

OM2-1, ACCESS-OM2-025, and ACCESS-OM2-01 respec-

tively transport 13, 5, and 20 Sv of cold water downward. In

other words, the thermally direct cell in the ACCESS-OM2-01

is;4 times as large as in ACCESS-OM2-025 and;1.5 times as

large as in ACCESS-OM2-1.

The strongest thermally direct cell occurs in the highest-

resolution model (ACCESS-OM2-01), which has been noted

for its relatively high Antarctic Bottom Water (AABW) for-

mation (Kiss et al. 2020). However, a linear relationship be-

tween horizontal resolution and strength of the thermally

direct cold cell is not seen. The 0.258 (ACCESS-OM2-025) is an

outlier, within which mesoscale eddies are partially resolved

and partially parameterized using a weak coefficient of eddy

advection and eddy diffusion (Table 1; Kiss et al. 2020). Indeed,

the difficulties of balancing resolved and subgridscale pro-

cesses at 0.258, especially in the Southern Ocean, are well

known (Farneti et al. 2015).

The other notable difference between the 0.18 and coarser-

resolution models is the occurrence of thermally indirect cells

either side of the main thermally direct cell (Figs. 8a–c).

ACCESS-OM2-01 for example lacks a thermally indirect cell

at low temperatures (below 08C). These thermally indirect

cells occur in ACCESS-OM2-1 and ACCESS-OM2-025 be-

cause of a balance of parameterized isopycnal mixing and

parameterized convection. This cell may not be present in

ACCESS-OM2-01 because it is able to better resolve water

mass formation processes near the Antarctic coast (e.g.,

coastal polynyas, greater sea ice production and associated

brine rejection) and flows down the continental slope as

compared with the lower-resolution models, which tend to

favor open ocean convection (Kiss et al. 2020). Though, we

cannot rule out the shorter spinup time in ACCESS-OM2-01

being a factor. For the warmer indirect cells (around 38C) the
appearance is only weak in the 18model.While the problems of

0.258 models discussed above make interpretation more diffi-

cult, it is clear that penetration of heat from the surface to at

least 1000m (red cells) is much stronger in ACCESS-OM2-025

than in either the coarser- or finer-resolution configurations.

The vertical heat transport due to the SRC is shown in

Figs. 8a–c using Eq. (3) and is shown in Fig. 8d. Heat is

transported upward in each of the configurations, where SRC

cools the deep ocean and warms the ocean surface. In

ACCESS-OM2-1 andACCESS-OM2-025, however, the SRC

transports heat downward in the upper 200m. In ACCESS-

OM2-01, the SRC heat transport is ;1.5 times as large as in

ACCESS-OM2 and ;4 times as large as in ACCESS-OM2-

025 at 1000m (Fig. 8d).

These relative magnitudes of the vertical heat transport

across different resolutions are consistent with the relative

strengths of the dominant thermally direct cells (Figs. 8a–c),

with the much weaker overall vertical heat transport in the
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FIG. 7. (a) The vertical heat transport (PW; positive downward) due to the SRC and by individual diabatic processes. Also shown is the

heat transport due to individual SRC cells and by corresponding diabatic processes within those cells. They are (b) the thermally direct cell

(cold) of SRC and (c) the thermally indirect (warm) cell of SRC.
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FIG. 8. The SRC cSRC (Sv) for (a) ACCESS-OM2-1, (b) ACCESS-OM2-025, and

(c) ACCESS-OM2-01 and (d) its vertical heat transport SRC (PW; positive downward). The

SRC term shown here includes submesoscale advection.
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0.258model clearly influenced by the compensating downward

heat transports of that model’s thermally indirect cells.

5. Discussion and conclusions

We have investigated the mechanisms of vertical heat

transport in ACCESS-OM simulations using a framework that

projects ocean circulation and diabatic processes into tem-

perature and depth coordinates. This framework allows us to

elucidate the role of different physical processes in setting the

ocean’s overturning in this space and the consequent vertical

heat transport. Our approach complements previous under-

standing from standard tracer budget methods (Gregory 2000;

Gnanadesikan et al. 2005; Wolfe et al. 2008; Hieronymus and

Nycander 2013; Exarchou et al. 2015; Griffies et al. 2015). For

the first time, we introduce the use of temperature advective

tendencies to quantify the ocean overturning circulation and

the roles of mean and eddy advection. Furthermore, we have

derived equivalent circulations describing parameterized pro-

cesses and presented the SRC.

By analyzing the last 20 years ofACCESS-OM2 simulations,

we found that residual circulation using residual vertical ve-

locity c displays two thermally direct (bottom and surface)

and a thermally indirect (deep) cell, as in Zika et al. (2013a).

We computed this residual circulation using the advective

temperature tendency c*. While the c* approach displays

similar thermally direct and indirect cells, the c* approach is

superior because it allows closure of the heat budget.We found

that heat transport using c and c* is not similar across all

depths. The approach underestimates upward heat transport in

the upper 2000m and overestimates in the deep ocean relative

to c*. The largest differences between c and c* occur at the

1000-m depth (i.e., c transports 0.01 PW heat downward,

whereas c* transports 0.07 PW heat) and 3000-m depth (i.e.,

c transports 0.09 PW heat upward whereas c* transports

0.07 PW) (Fig. 2).

For the ACCESS-OM2 simulations we added together the

residual circulation c* and local tendency terms to construct

what we call a diathermal circulation [Eq. (6)]. As noted above,

the residual and diathermal circulations are quite similar. This

is because the local tendency term makes only a very small

contribution. We found (Fig. 5a) that the diathermal circula-

tion transports heat downward in the upper 2000 m and is

primarily balanced by isopycnal diffusion (ISO), however,

in the deep ocean it transports heat upward and is balanced

by diapycnal diffusion (DIA). The downward heat transport

by the thermally indirect deep cell has been linked to the

interhemispheric meridional overturning circulation (Zika et al.

2013a) and is balanced by isopycnal diffusion (ISO) in ACCESS-

OM2 (Fig. 5b). Furthermore, upward heat transport by the ther-

mally direct bottom cell, which has been linked to the Antarctic

Bottom Water circulation (Zika et al. 2013a), is balanced in the

upper 2000m by downward heat transport due to isopycnal dif-

fusion, and by diapycnal diffusion deeper down (Fig. 5c).

The concept of an SRT (sum of the mean and parameterized

eddy advection and eddy diffusion tendency terms) was first

introduced by Kuhlbrodt et al. (2015) and recently explored by

Dias et al. (2020a) using ACCESS-OM2. Here we have used

the same simulation as Dias et al. (2020a) allowing direct

comparison. Under quasi-steady state, Dias et al. (2020a)

concluded that SRT moves heat downward in the mixed layer

and upward within the ocean interior. In our analysis, the SRT,

when projected onto temperature and depth coordinates, gives

the SRCunder quasi-steady state. It is represented by two cells,

one that transports heat downward (thermally indirect) and the

other that transports it upward (thermally direct).

A minor distinction between the suite of processes we clas-

sify as SRC and those used by the authors mentioned above is

that we have included submesoscale advection (SUB) as part

of the SRC. Although SUB is parameterized as skew diffusion

in ACCESS it can be interpreted as an advective process and is

typically captured in diagnostics of the residual ocean circu-

lation (Kuhlbrodt et al. 2015; Zika et al. 2015). We therefore

opted to include it in the SRC. In previous studies, the focus

was on large-scale advection (Dias et al. 2020a,b). As expected,

influence of SUB is only substantive within mixed layers.

The diathermal circulation, which includes Eulerian and

eddy induced advection, is dominated by a thermally indirect

cell. On the other hand, the SRC, which combines the Eulerian

mean advection and eddy induced advection with eddy mixing,

is dominated by a thermally direct cell. We found that the

SRC drives 11 Sv of cold water downwelling close to ;08C
and upwelling at ;28C across the 1000-m depth surface. This

description of a dominant thermally direct overturning is

reminiscent of the classical descriptions of ocean circulation

as a deep-reaching circulation balanced by vertical mixing

(Munk 1966). Our results suggest that the classical descrip-

tion of a thermally direct circulation balanced by small-scale

mixing is possible, but that the contribution of isopycnal

mixing to the downward transport of cold and upward

transport of warm water (which is captured by the SRC but

not c*) may be an essential component of that circulation.

We also found a thermally indirect cell component of the

SRC in ACCESS at temperatures below 08C. This thermally

indirect cell of SRC in fact transports heat downward in the

upper 2000m. We found that this downward heat transport at

cold temperatures is balanced by convection, which fluxes heat

upward at these temperatures (Fig. 6a and Fig. 4c). However,

coarse-resolution models such as the 18 ACCESS-OM2-1 do

not adequately resolve coastal polynyas and downslope

convection processes and further investigation is needed to

see if this is a robust feature. For example, this thermally

indirect cell was not present in the fine-resolution ACCESS-

OM2-01 simulation.

Although the SRC is qualitatively similar across ACCESS

configurations with different horizontal grid resolutions, there

are important quantitative differences in vertical heat trans-

port. The SRC’s upward heat transport is about 4 times as

large in ACCESS-OM2-01 as in ACCESS-OM2-025 and about

1.5 times as large as in ACCESS-OM2-1. Because horizontal

resolution is not the only difference (e.g., spinup length), a

further investigation (beyond the scope of this paper) is

required to identify the key influencing factors.

Dias et al. (2020a) suggested that Kuhlbrodt et al.’s (2015)

SRT concept—the combination of the residual circulation with
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eddy mixing—could be used to compare models of varying

horizontal resolution, in which the partition of the resolved and

parameterized terms differs. This partially motivated our ex-

tension of the SRT concept into the SRC in temperature–depth

space, where insights into water mass pathways can be gained.

One important benefit of the formalism we have put forward

is that the circulation implied by any parameterized processes

can be diagnosed in temperature–depth space. A possible ap-

plication of this would be comparison between directly simu-

lated and parameterized convection (e.g., Sohail et al. 2019). In

ACCESS-OM2, if we were to include the impact of convec-

tion together with the remaining processes making up the

SRC (i.e., combining the circulations in Fig. 4c with Fig. 6a)

this would largely cancel out the cold thermally indirect com-

ponent of the SRC that we saw inACCESS-OM2 (a circulation

combining SRC and convective processes could be called

‘‘super-duper residual circulation’’). The finer versions of

ACCESS (ACCESS-OM2-01) does not display this thermally

indirect cell at colder temperatures (Fig. 8a). Obviously, the

finer-resolution model does not resolve small-scale convection,

but its ability to describe some downslope flows explicitly may

be negating the need for parameterized open ocean convection.

There are limitations to our comparison across the different

resolutions of ACCESS-OM2 as the different model experi-

ments have different spinup lengths, topography, and some

model parameters. This may alter some of the conclusions

presented here. In our ACCESS model, the heat budget is

closed but the local tendency term is not exactly zero, indi-

cating that there is some drift in ourmodels. Although, we have

used monthly temperature tendencies calculated online in

ACCESS, we use offline binning into temperature coordinates.

This can affect the calculation of individual circulation cells

and their heat transport.

The framework we have put forward allows for the in-

terpretation of diabatic processes in ocean–climate models.

These processes have been found to be key to differences

between model responses to climate forcing (Couldrey et al.

2021; Todd et al. 2020). Therefore, it will be interesting to

use the SRC framework to compare models and understand

their spread.
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