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ABSTRACT

The global ocean plays a dominant role in the net increase of the Earth’s energy
inventory observed since the 1970s, storing more than 90% of the additional an-
thropogenic heat. While subsurface ocean heat gain slows down the warming of
the surface atmosphere, it also causes global mean sea level rise through thermal
expansion of the ocean’s volume. About one third to half of the global mean sea
level rise projected by climate model simulations towards the end of this century
is due to thermal expansion. However, dynamic sea-level projections from climate
models have a large spread in global mean amplitude and regional distribution. The
ocean’s response — that is how e�ciently the ocean uptakes the excess heat from
the atmosphere and transports it to deep layers — is responsible for roughly half of
the uncertainties in dynamic sea-level projections. A quantitative understanding of
the key physical processes involved in ocean heat uptake and redistribution in mod-
els used to project dynamic sea level is now feasible, timely, and needed to reduce
the currently large range of uncertainties.

In this thesis, key mechanisms involved in heat uptake, transport and storage were
examined through the use of tracer budgets applied to climatological and idealised
climate change simulations from the Australian Community Climate and Earth
System Simulator Ocean Model (ACCESS-OM2). The tracer budgets (for both
heat and salt) were estimated using model diagnostics that were directly resolved
by the 1� ACCESS-OM2 horizontal resolution and indirectly represented via pa-
rameterisations. A quasi-steady state was achieved by forcing ACCESS-OM2 with
the JRA55-do surface flux repeat-year forcing product for 1000 years. The cli-
mate change experiments were then run for the successive 80-year period, forced by
doubled atmospheric CO2 scenario perturbations, from the Flux-Anomaly-Forced
Model Intercomparison Project (FAFMIP) protocol, based on the ensemble mean of
13 Coupled Model Intercomparison Project Phase 5 (CMIP5) simulations. In addi-
tion, the FAFMIP protocol has a large set of experiments, with single and combined
forcing perturbations (momentum, freshwater, heat, and all forcings) and a design
that allows the partition of ocean heat content changes into “added heat”(to reveal
where uptake of heat at the surface is stored in the ocean due to passive component
only) and “redistributed heat” (associated with changes in ocean circulation, di↵u-
sion, eddies, mixing, etc.)

For the quasi-steady experiment, the last 20 years of the 1000-year run were av-
eraged and analysed to investigate the net e↵ect of key physical processes in the
global vertical heat and salt transport balance, under the perspective of the re-
cently proposed super-residual transport (SRT ) framework. In this framework, the
ACCESS-OM2 results show that vertical tracer transport is dominated by downward
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fluxes associated with the large-scale ocean circulation and upward fluxes induced
by mesoscale eddies, with two distinct physical regimes. In the upper-ocean, where
high-latitude watermasses are formed by mixed-layer processes, through cooling or
salinification, the SRT balances those processes by transporting heat and salt down-
ward. In contrast, in the ocean interior, the SRT opposes dianeutral di↵usion via
upward fluxes of heat and salt, with about 60% of the vertical heat transport occur-
ring in the Southern Ocean. Overall, the SRT is largely responsible for removing
newly-formed watermasses from the mixed-layer into the ocean interior, where they
are eroded by dianeutral di↵usion. Unlike the classical advective-di↵usive balance,
dianeutral di↵usion is bottom-intensified above rough bottom topography, allowing
an overturning cell to develop in alignment with recent theories and observations.
Thus, this SRT framework can be considered a contemporary interpretation of the
classical advective-di↵usive balance in the ocean interior. The SRT also proved to
be an essential concept to progress intercomparisons with the aim to understand and
reduce uncertainties in climate and sea-level projections, as it allows model com-
parisons independent of grid resolution (coarse, eddy-permitting or resolving), and
to further theoretical development of simple climate models from which simulations
are used for policy and decision-making.

For the climate-change experiments, the ACCESS-OM2 simulations in response to
the doubled CO2 scenario perturbations were de-drifted by a parallel control run and
averaged over years 61-80 (centred at year 70). The key mechanisms driving ocean
changes were analysed for the subpolar Southern Ocean (sSO, south of 60�S) and for
large-scale basin changes. Focusing on these two regions o↵ers a comprehensive view
of the global heat uptake; the response in the sSO corresponds to global changes
below 2000 m, while changes in other regions largely a↵ect the upper-2000 m. De-
tails are presented below.

The sSO around Antarctica is the origin of the densest water mass of the global
ocean, Antarctic BottomWater (AABW). In the CMIP5 coupled climate model sim-
ulations this region shows a relatively high spread in dynamic sea level projections.
AABW is linked with the lower cell of the Meridional Overturning Circulation and
occupies about 60% of the ocean’s volume. Despite its relevance, climate models are
well-known to have di�culties in representing the shelf mixing processes that form
AABW in the sSO. Similar to other coarse resolution models, AABW originates at
both shelf and open ocean areas in ACCESS-OM2. How the mechanisms of AABW
formation — particularly in the Ross and Weddell Gyres — respond to changes in
surface forcing was investigated by comparing FAFMIP’s single (momentum, fresh-
water, and heat) and all forcing perturbations. Results show that changes in wind
stress (i.e. poleward shift and intensification of the Southern Ocean Westerlies) dom-
inate the response of AABW formation, relative to the surface heat and freshwater
forced changes. Changes in the wind stress forcing enhance bottom water formation
and accelerate the lower branch of the meridional overturning circulation (MOC).
This response occurs due to an increase of ocean deep convection as open-ocean
polynyas become more widespread. The e↵ect of surface warming and freshening
only partially compensates the changes due to wind stress, reducing AABW for-
mation. The overall message is, in agreement with previous studies, that processes
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that enhance convection (i.e. winds) will cool the deep ocean, while processes that
stratify the ocean (i.e. input of freshwater or positive surface heat anomalies) inhibit
convection and lead to a build-up of heat below the surface. The dominance of wind
changes is a meaningful result as perturbations are derived from CMIP5 models.
Importantly, the response to surface perturbations is time-dependent, where the
non-linear evolution of the polynyas has a dominant role. These results help to un-
derstand the sSO response in models to climate change scenarios, where somewhat
unrealistic open-ocean polynyas control ocean heat uptake. The sSO response in
ACCESS-OM2 and in a past study based on an ensemble of coupled CMIP models
for individual forcings are similar, suggesting that future intercomparisons, includ-
ing high-resolution models which better represent shelf scale processes, can reveal
di↵erences on how AABW formation and the lower cell of the Meridional Overturn-
ing Circulation respond to surface perturbations under the FAFMIP protocol and
SRT framework.

For the large-scale ocean basin changes, ocean heat storage due to local addition of
heat (“added”) and due to changes in heat transport (“redistributed”) were quan-
tified in ocean-only 2xCO2 simulations. While added heat storage dominates glob-
ally, redistribution makes important regional contributions, especially in the tropics.
Heat redistribution is dominated by circulation changes, summarised by the super-
residual transport, with only minor e↵ects from changes in vertical mixing. While
previous studies emphasised the contribution of redistribution feedback at high-
latitudes, this study shows that redistribution of heat also accounts for 65% of heat
storage at low latitudes and 25% in the mid-latitude (35–50�S) Southern Ocean.
Tropical warming results from the interplay between increased stratification and
equatorward heat transport by the subtropical gyres, which redistributes heat from
the subtropics to lower latitudes. The Atlantic pattern is remarkably distinct from
other basins, resulting in larger basin-average heat storage. Added heat storage is
evenly distributed throughout the mid-latitude Southern Ocean and dominates the
total storage. However, redistribution stores heat north of the Antarctic Circum-
polar Current in the Atlantic and Indian sectors, having an important contribution
to the peak of heat storage at 45�S. Southern Ocean redistribution results from
intensified heat convergence in the subtropical front and reduced stratification in
response to surface heat, freshwater, and momentum flux perturbations. These
results highlight that the distribution of ocean heat storage reflects both passive
uptake of heat and active redistribution of heat by changes in ocean circulation pro-
cesses. The redistributed heat transport must therefore be better understood for
accurate projection of changes in ocean heat uptake e�ciency, ocean heat storage
and thermosteric sea level.

The main findings contained in this thesis are important contributions for the under-
standing of ocean heat uptake, transport and storage in general circulation models.
The super-residual framework has been presented in Chapter 3 [Dias et al., 2020]
and further applied to investigate the ocean response to idealised climate change
scenarios in Chapters 4 and 5, where it is found to be an important tool for elu-
cidating the role of key physical mechanisms. Under the climate change scenarios,
the lower cell of the MOC accelerates due to changes in Westerly winds, cooling the
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global ocean below 2000 m on a multidecadal timescale. This change contrasts with
observations in recent decades and might indicate an unrealistic response from cli-
mate models due to the inaccurate formation of Antarctic Bottom Water in coarse
resolution models. Although some past studies have investigated the response of
the lower cell of the MOC with more realistic simulations (i.e. high-resolution mod-
els), where the shelf processes of AABW formation are better represented, future
studies may gain more insights using the SRT framework combined with tracer
budget analyses as in this thesis. Budget analyses focused on the changes in the
large-scale ocean heat uptake, transport and storage highlighted the importance of
changes due to redistribution, particularly in the lower latitudes where the thermal
expansion coe�cient (i.e. how much sea level would occur for a given temperature
change) is larger, and in the belt of high ocean heat content change in the mid-
latitude Southern Ocean, also seen in other CMIP-type models and observations.
These results of this thesis highlight the importance of considering changes due to
ocean heat transport for dynamic sea-level projections. The results presented here
are also a useful baseline for a wider CMIP6 intermodel comparison, where similar
experiments including the added and redistributed heat tracers and diagnostics for
budget analysis are being conducted as part of the FAFMIP protocol by more than
10 modeling centres.
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Chapter 1

INTRODUCTION

1.1 Overview

The Earth system cannot be understood without detailed quantitative knowledge
of the physics of the ocean [Stocker, 2013] - from weather patterns (e.g., hours to
decades) to natural climate variability and change (e.g. multiple decades to over
centuries), and particularly now in the context of anthropogenic climate change.

By uptaking more than 90% of the heat accumulated in the Earth System and
transferring it across its water column over multiple decades [Rhein et al., 2013],
the global ocean has slowed down the rate of global surface atmospheric warming
[Otto et al., 2013], associated with growing emissions of anthropogenic greenhouse
gases [Le Quéré et al., 2015]. On the negative side, increasing global ocean heat
content (GOHC) has contributed to one-third of the global mean sea level rise
(GMSLR) observed since 1970, through thermal expansion of the ocean’s volume
[Church et al., 2013, Rhein et al., 2013].

Towards the end of the 21st century, it is very likely that a large extent of coastlines
around the word will be a↵ected by sea level rise [Church et al., 2013]. Regional sea
level rates of change can substantially di↵er from global rates due to a combination
of various climatic and non-climatic drivers [Milne, 2008]. Managing the coastal
impacts of regional sea level rise will be one of the greatest socio-economic and en-
vironmental challenges facing humankind in a warming world (https://www.wcrp-
climate.org/grand-challenges/gc-sea-level).

The thermal expansion of sea water, the termosteric component, represents around
30–50% of the GMSLR over the 21th century, based on the multi-model ensemble
mean, while other contributions account mostly from loss of land ice (glaciers con-
tribute to 15–40% of the GMSLR) [Gregory et al., 2016]. Sea level projection sim-
ulated by coupled atmosphere-ocean-sea ice general circulation models (AOGCMs)
from the Coupled Model Intercomparison Project 5 (CMIP5) models, however, have
shown large uncertainties in the thermosteric component; for a multi-model CMIP5
ensemble, standard deviation of the dynamic sea level is about 30% of the global-

1



1.1. OVERVIEW 2

mean thermosteric contribution (Figure 1.1). This large uncertainty is partly caused
by di↵erences among CMIP models in the climate sensitivity, i.e. the atmospheric
and surface response to changes in the radiative forcing [Bouttes et al., 2012], and
partly caused by the ocean response to changes in the surface fluxes, especially
due to ocean heat uptake (ocean density) and redistribution (ocean circulation)
[Kuhlbrodt and Gregory, 2012].

In addition to climate model intercomparison, comparisons using ocean-sea ice gen-
eral circulation models (OGCMs) forced with a common atmospheric state have
been evaluated in the scope of the Coordinated Ocean-sea ice Reference Experi-
ment (CORE). Gri�es et al. [2014] focused on the global and regional sea level
and showed that OGCMs also have a large spread in steric sea level. Although
the comparison between models and observations improved in the last years of the
historical period (1948-2007), mainly because of better global coverage of the mea-
surements (especially due to the advent of satellite observations), all models have a
strong contribution from model drift - a spurious unforced trend in oceanic variables
- throughout the CORE simulation that a↵ects both ocean temperature and steric
sea level (Figure 1.2).

Despite the significant spread in the ocean response to changes in the atmosphere
seen in Atmosphere-Ocean General Circulation Models (AOGCMs) and OGCMs,
there has been a slow progress in reducing these uncertainties over the past decade.
One main reason for that is a lack of mechanistic understanding of physical pro-
cesses not properly diagnosed in past CMIPs [Gregory et al., 2016]. The 6th phase
of CMIP, with a greater international collaboration and coordination as well as in-
creased computer power and storage capacity, aims to reduce these uncertainties
through the Ocean Model Intercomparison Project (OMIP) and the Flux-Anomaly-
Forced Model Intercomparison Project (FAFMIP, http://fafmip.org/) [Eyring et al.,
2016]. The OMIP has compiled a list of the required CMIP model diagnostics to
account for individual physical process contributions to changes in ocean heat and
salt content, relevant for steric sea level studies [Gri�es et al., 2016]. The FAFMIP
is a coordinated e↵ort by applying common surface flux perturbations of momen-
tum, heat and freshwater from a CMIP5 ensemble mean to CMIP6 experiments
[Gregory et al., 2016] with the goal to isolate the ocean sources of uncertainty due
to the ocean’s response.

To date, only a handful of studies have examined the role of physical processes in
the global ocean heat and salinity balances, as simulated by AOGCMs and OGCMs,
from coarse to eddy-resolving resolution, and for present-day conditions to idealised
future scenarios (e.g. Exarchou et al. [2015], Gnanadesikan et al. [2005], Gregory
[2000], Gri�es et al. [2015a], Hieronymus and Nycander [2013], Kuhlbrodt et al.
[2015], Morrison et al. [2013, 2016], Wolfe et al. [2008]). Simulations from ocean
state estimations have also been recently used to investigate change in global ocean
vertical heat transport [Liang et al., 2017a] and regional processes in the North At-
lantic [Piecuch et al., 2017] and Southern Ocean [Tamsitt et al., 2016].
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Contrary to the classical advective-di↵usive balance proposed by Munk [1966], model
results indicate that the balance between upward heat fluxes from mean advection
and downward heat fluxes from diapycnal di↵usion only holds at tropical latitudes
and is of minor importance to the global heat balance in the mean state [Gre-
gory, 2000, Kuhlbrodt et al., 2015, Palter et al., 2013]. The dominant processes of
vertical heat transport in climate models are wind-driven circulation (advection)
transporting heat downward, and the mesoscale eddies transporting heat upward,
mostly occurring in the Southern Ocean [Gregory, 2000, Kuhlbrodt et al., 2015,
Wolfe et al., 2008]. In addition to eddy-induced transport, other studies have shown
that convective and mixed layer processes also play a role in the upward heat trans-
port, while the diapycnal di↵usion has an important although secondary role in the
downward heat transport [Exarchou et al., 2015, Gri�es et al., 2015a].

The ocean salt transport has been considerably less explored than the heat, in part
due to observational constraints in both in-situ and satellite measurements, on which
most of the ocean salinity budget studies rely (e.g. Dong et al. [2009, 2015], Ren
et al. [2011]). Studies of the salinity budget in ocean models were mainly at regional
scale (e.g. Camara et al. [2015], Close and Goosse [2013], Gao et al. [2014]), with
the global salt balance was only explored by Hieronymus and Nycander [2013] and
von Storch et al. [2016] so far. Considering the climatological state, these studies
have found a dominant global salt balance similar to the ocean heat balance, where
the time-mean circulation and mesoscale eddy-induced transports are the largest
processes and have opposite contributions.

To reduce the spread in sea level projections and improve climate models, it is es-
sential to improve our understanding of how heat and salt transport are modified by
climate change. The pioneering study of Manabe et al. [1990] depicted the funda-
mental role of the polar regions, where a warming climate leads to increased strati-
fication at high latitudes and reduced deep convection. Gregory [2000] highlighted
that the warming signal results from decreasing convection, but also from a reduced
along-isopycnal gradient of potential temperature — the eddy or isopycnal di↵u-
sion component of eddy-induced trnsport(e.g. Kuhlbrodt et al., 2015), particularly
important in the Southern Ocean. In addition to eddy di↵usion, the eddy-induced
transport also accounts for an advective component, driven by the flattening of the
isopycnals. Eddy-advection is usually parameterised through the scheme of Gent
and McWilliams [1990] in coarse models (or resolved in high-resolution models), but
was not included in the Gregory [2000] study. While both eddy-induced components
are important for the vertical heat and salt transport in the climatogical state, the
study of Huang et al. [2003b] showed that changes in both components induce ocean
heat uptake in a transient climate change scenario. These results were further sup-
ported by subsequent works (e.g. Banks and Gregory [2006], Brierley et al. [2010],
Morrison et al. [2013], Wolfe et al. [2008]).

More recently, the debate of the causes of ocean warming and associated processes in
the Southern Ocean has been intensified. Due to poleward shift and intensification
of the Westerly winds, both the wind-driven circulation and the eddy-induced trans-
port are expected to contribute to ocean warming. While some studies identified the
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Figure 1.1: Multi-model (a) ensemble mean and (b) ensemble standard deviation of
the CMIP5 AOGCMs for the projected change in ocean dynamic sea level (�⇣, m)
for 2081-2100 with respect to 1986-2005 under mid-range scenario RCP4.5, expressed
as percentages of ensemble-mean global mean sea-level rise due to thermal expansion
for the same scenario, from Gregory et al. [2016].

importance of changes in the eddy-induced transport [Gregory, 2000, Huang et al.,
2003b, Morrison et al., 2013, Wolfe et al., 2008], others argued that the increasing
in downward transport by the mean circulation is the main driver of heat uptake
[Cai et al., 2010, Exarchou et al., 2015, Kuhlbrodt et al., 2015, Marshall and Zanna,
2014]. Morrison et al. [2016], using a high-resolution climate model, showed that
both processes are actually important to induce ocean warming and that they dom-
inate in di↵erent regions of the Southern Ocean. Some studies assumed that ocean
heat uptake is a passive process — i.e. heat added by the time-mean circulation
along ventilation pathways [Church et al., 1991, Jackett et al., 2000, Zanna et al.,
2019a]; many others, however, implied that is important to consider heat uptake
due to redistribution as the heat transport processes change [Banks and Gregory,
2006, Chen et al., 2019b, Garuba and Klinger, 2016, Garuba et al., 2018a, Winton
et al., 2013, Xie and Vallis, 2012]. Despite these recent advances, there are still
many uncertainties about the mechanisms driving ocean heat uptake and storage.
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Figure 1.2: Multi-model global mean ocean temperature (�C, top row) and steric
sea level (m, bottom row) simulated by CORE-II simulations over the five CORE-II
cycles (from Gri�es et al., 2014).
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1.2 Objectives

Global mean steric sea-level depends on the net expansion or contraction of the
ocean volume due to density changes from changes in the temperature, salinity, and
pressure. The thermosteric e↵ect is one of the two major contributors to global mean
sea-level rise [Church et al., 2011, Domingues et al., 2008], and the large spread in
thermosteric sea-level projections is explained 50% by di↵erences in ocean heat up-
take, with the other 50% explained by spread in vertical heat transport [Kuhlbrodt
and Gregory, 2012]. Therefore, improving our understanding of how climate models
represent ocean heat uptake and vertical heat transport is of primary importance
to improving sea-level projections. The main aim of this thesis is to investigate the
mechanisms of heat uptake, transport and storage in ocean-sea ice coupled model
simulations, with a focus on evaluating the individual contributions from physical
processes. A set of model simulations is used to investigate the global vertical heat
transport under a climatological (time-mean) state and doubled CO2 concentration
scenarios. This study is heavily based on a detailed ocean tracer budget analysis
that accounts for all physical processes (either represented or parameterised) of the
model, and is fully-closed.

Results are divided into three chapters. Chapter 3 focus on the contributions of the
global ocean heat and salt transport by individual processes under a mean (quasi-
steady) state within the super-residual framework. Specific questions were:

• What are the processes that dominate the global heat and salt balance under
a climatological state?

• What is the regional contribution (geographically and over depth) of the main
processes of the global vertical heat and salt transport?

• What is the connection between the main processes of heat and salt transport
and the mechanisms of water mass formation and recirculation?

The second and third chapters focus on the transient climate response under dou-
bled CO2 atmospheric concentration scenarios, obtained through perturbation ex-
periments under the FAFMIP-protocol, which compiled surface flux anomalies of
momentum (wind stress), heat and freshwater based on an ensemble-mean of CMIP5
simulations under 1% CO2 increase per year (1pctCO2), therefore presenting a con-
sistent forcing representative of climate change.

In Chapter 4, the response of the subpolar Southern Ocean (south of 60�S) due
to changes in the surface momentum (wind stress), heat and freshwater fluxes was
investigated. The Southern Ocean is expected to experience large sea-level changes
but also presents significant intermodel spread (see Figure 1.1). A robust feature in
dynamic sea-level projections is a belt of changes, relative to the global mean, with
positive anomalies north of the Antarctic Circumpolar Current (ACC) and negative
anomalies in the south [Gregory et al., 2016]. The processes that drives ocean heat



1.2. OBJECTIVES 7

content changes (and therefore dynamic sea-level) south of the ACC were investi-
gated through these specific questions:

• What is the response of the open-ocean polynyas and deep convection in the
subpolar Southern Ocean to changes in momentum, heat and freshwater sur-
face fluxes? Which forcing change dominates the response?

• What is the sensitivity of Antarctic Bottom Water formation, its properties
(temperature and salinity) and the lower cell of the meridional overturning
circulation to changes in the surface fluxes?

• What are the physical mechanisms that drive changes in the subpolar Southern
Ocean?

Chapter 5 focus on ocean heat uptake and storage over large basin scales. The
FAFMIP experiments make use of two extra tracers that enables the di↵erentiation
of the changes in ocean heat content due to the passively added heat and the local
heat changes due to redistribution (associated with changes in the ocean circula-
tion). The aim of this chapter was to describe the processes associated with ocean
heat uptake due to passive and redistribution components:

• What are the relative contributions from the passive and redistributive com-
ponents of ocean heat uptake at global and regional scales?

• What are the physical processes that drive passive and redistributive heat
uptake?

• For the regions where redistributed heat uptake is important, what are the
driving mechanisms?



Chapter 2

Model and experiments

2.1 Model description

The ocean-sea ice coupled model used in this study is the Australian Community Cli-
mate and Earth System Simulator Ocean Model (ACCESS-OM2) [Bi et al., 2013a,
Kiss et al., 2020], which comprises the NOAA/GFDL Modular Ocean Model version
5 (MOM5, Gri�es [2012]), the Los Alamos sea ice model (CICE) version 5.1 Hunke
et al. [2013] and the Data Atmospheric Model (MATM); all components are coupled
with the Centre Europeen de Recherche et de Formation Avancee en Calcul Scien-
tifique Ocean Atmosphere Sea Ice Soil version 3 with the Model Coupling Toolkit
(OASIS-MCT) from the Argonne National Laboratory [Valcke et al., 2015].

The ocean and sea ice models are configured in the same global horizontal grid
employed in the work of Bi et al. [2013a], with nominal resolution of 1� and the
following refinements: 1/3� grid refinement in the equatorial region (10�S to 10�N);
cosine dependent (Mercator) grid refinement south of 30�S; and a tripolar grid north
of 65�N [Murray, 1996]. The vertical grid of the ocean model comprises 50 levels
with z⇤ coordinates, varying between 10 m of thickness near-surface to 333 m in the
abyssal ocean. The sea ice model has five thickness categories, with three vertical
ice layers and one snow layer at each category. More details about the ocean and
ice configurations can be obtained in Bi et al. [2013a]. In contrast with the model
used in that study, our configuration di↵ers in terms of convection parameterisation,
adopting the implicit convection from KPP scheme [Large et al., 1994], and a more
e�cient tracer advection scheme based on the multi-dimensional piecewise parabolic
method (MDPPM, Marshall et al. [1997]).

The benchmarks using the past version of ACCESS-OM, which is the ocean and
sea-ice core of ACCESS-CM (Coupled Model) used in the CMIP5 [Marsland et al.,
2013, Uotila et al., 2013], show realistic ocean global circulation, surface thermoha-
line properties, sea-ice coverage, annual mean climate and seasonality when forced
with a 500 years Coordinated Ocean-Ice Reference Experiment (CORE-I) Normal
Year Forcing - NYF [Bi et al., 2013a]. Similar to other OGCMs forced with CORE,
ACCESS presents some errors in the water properties, specially a warm drift in

8
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the intermediate to mid-depths, limited representation of the Antarctic Intermedi-
ate Water and Antarctic Bottom Water, and spurious deep mixing in the North
Atlantic [Bi et al., 2013a, Gri�es et al., 2009]. Among these biases, the first three
of them was improved — although not fixed completely — in the current version
(ACCESS-OM2), which can be attributed to the new tracer advection scheme and
the replacement of the explicit convection parametrisation from Rahmstorf [1993]
by the implicit convection determined by KPP mixing. The latest version 2 of
ACCESS-OM is described and evaluated more recently in Kiss et al. [2020] in vari-
ous horizontal resolutions (nominal 1, 0.25 and 0.1 degree).

2.2 Surface flux forcing and experimental design

The experiment design is described below while a schematic is shown in Figure 2.1.
ACCESS-OM2 was spun up from rest using the initial conditions from the World
Ocean Atlas 2013 (WOA13, Locarnini et al., 2013); the WOA13 is also used to
restore the surface salinity field (linear restoring with a timescale of 60 days over
the upper 50 m layer). The spin-up experiment was forced with a Repeated Year
Forcing (RYF) based on May 1984 to April 1985 from JRA55-do [Tsujino et al.,
2018], which aims to represent a climatological year based on neutral indices for
the Southern Oscillation, North Atlantic Oscillation and Southern Annular Mode
(obtained from http://climatedataguide.ucar.edu). April-May was chosen as start
to avoid an abrupt transition in the Northern Hemisphere winter [Stewart et al.,
2020]. The repeated year forcing was ran for 1000-year. This long spin-up integra-
tion is usually enough to remove any dependence of the initial condition and also
su�cient to equilibrate the meridional overturning, the subtropical and subpolar
gyres, convection and deep water formation [Danabasoglu et al., 2014]. To de-trend
the model results and avoid the model drift signal [Hobbs et al., 2016a, Sen Gupta
et al., 2013], we branched the idealised scenarios from the end of the spin-up sim-
ulation. A control experiment with the same atmospheric forcing of the spin-up
was run with the same length of the idealised scenarios, and used to de-trend any
remaining drift in the ocean tracers.

The idealised scenarios are based on the FAFMIP perturbations, where the surface
flux anomalies (momentum, heat and freshwater) were obtained from a set of 13
CMIP5 models under a 1pctCO2 experiment [Gregory et al., 2016]. The FAFMIP
experiments apply the momentum, heat and freshwater surface flux perturbations
individually, respectively called faf-stress, faf-heat and faf-water. The dominant fea-
ture in the momentum perturbation is the increase in westerly wind stress in the
Southern Ocean. Meanwhile, the heat flux anomalies are stronger (and positive) in
the North Atlantic and in the Southern Ocean. To apply the heat perturbation we
followed the method from Bouttes and Gregory [2014] as applied in Gregory et al.
[2016], which avoids a negative feedback that opposes the perturbation, but permits
feedbacks due to ocean circulation changes. The freshwater perturbation is charac-
terised by an intensification of the hydrological cycle. Also there is an increase in
the river inflow in the Arctic and a reduction in water input from melting along the
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Figure 2.1: Experimental design proposed to perform climatological (control) and
idealised climate change scenarios in ACCESS-OM2.

sea-ice margin [Gregory et al., 2016]. In addition, the faf-all experiment imposes
all three perturbation simultaneously. Our experiments di↵er from Gregory et al.
[2016] as we use an OGCM rather than an AOGCM (fully-coupled). Details on the
implementation of the FAFMIP perturbations in ACCESS-OM2 are discussed in
Chapters 4 and 5.



Chapter 3

On the superposition of mean advective
and eddy-induced transports in global

ocean heat and salt budgets

3.1 Introduction

The oceans play a major role in the climate system by absorbing about 93% of
the additional heat accumulated over the 1971-2010 period [Rhein et al., 2013]. As
a result, the global ocean has slowed down the rate of global surface atmospheric
warming [Otto et al., 2013] associated with emissions of anthropogenic greenhouse
gases [Le Quéré et al., 2015]. Through thermal expansion of the ocean’s volume,
increasing global ocean heat content (GOHC) has contributed about one third of
the global mean sea level (GMSL) rise observed since 1970 [Rhein et al., 2013] and
is expected to continue into the future [Church et al., 2013].

Sea-level rise projections from the latest Coupled Model Intercomparison Project
phase 5 (CMIP5) have a large spread at global and regional scales, partly caused
by di↵erences in ocean heat uptake (a↵ecting ocean density) and redistribution
by ocean circulation processes [Kuhlbrodt and Gregory, 2012]. Based on the multi-
model ensemble mean, thermosteric mean sea level accounts for 30-50% of the global
mean sea level rise over the 21st century [Gregory et al., 2016], while spread in the
ensemble of regional sea level is about 30% of the rate of GMSL rise in a moderate
RCP4.5 emission scenario (e.g. Bouttes and Gregory, 2014).

Progress in reducing uncertainty in sea level projections has been slow, in part, due
to a lack of model diagnostics for a mechanistic understanding of ocean processes
[Gregory et al., 2016]. With greater international collaboration and coordination,
as well as computer power and storage capacity, there is now an opportunity to
systematically quantify the key ocean processes controlling ocean density (heat and
salt) and circulation changes in CMIP-type model simulations. Gregory et al. [2016]
designed an experimental protocol to specifically address process-based model analy-

11
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ses of ocean heat uptake and transport - the Flux-Anomaly Forced Model Intercom-
parison Project (FAFMIP) - as part of CMIP6 [Eyring et al., 2016]. FAFMIP’s re-
quired diagnostics are detailed in the CMIP6 Ocean Model Inter-comparison Project
(OMIP) [Gri�es et al., 2016].

To date, only a few quantitative analyses have examined the role of physical pro-
cesses in the global ocean heat and salt balances. In the mean state, Gregory [2000],
Gnanadesikan et al. [2005], Wolfe et al. [2008], Hieronymus and Nycander [2013],
Kuhlbrodt et al. [2015] found a di↵erent global vertical balance than the advective-
di↵usive balance proposed by Munk [1966]. Munk’s abyssal recipe follows the theory
of Stommel and Arons [1960], where the steady-state overturning circulation is ex-
plained by a slow and uniformly distributed upwelling of cold waters (originating
in high-latitudes) balanced by a constant downward small-scale di↵usion (mixing)
throughout the ocean interior [Kuhlbrodt et al., 2007].

Gregory [2000] was the first to show that the global heat balance in a climate model is
dominated by downward transport due to the wind-driven mean circulation (mean
advection) and upward di↵usive transport along isopycnals (isoneutral di↵usion)
in the Southern Ocean. Further studies showed that not only isoneutral di↵usion
(or eddy-di↵usion) but also eddy-advection plays a role in the upward heat trans-
port. The importance of these processes was demonstrated in eddy-resolving and
eddy-permitting models [Gri�es et al., 2015a, Kuhlbrodt et al., 2015, von Storch
et al., 2016, Wolfe et al., 2008] and in coarse resolution models using the Gent and
McWilliams [1990] eddy-parameterisation [Gnanadesikan et al., 2005, Hieronymus
and Nycander, 2013].

A residual mean theory has been described for the Southern Ocean meridional over-
turning circulation [Marshall and Radko, 2003], where the downward transport by
mean advection is o↵set by upward transport from eddy-advection. Kuhlbrodt et al.
[2015], based on results from an eddy-permitting climate model, found a balance
between isoneutral di↵usion and this residual mean for most of the ocean interior
- a “super-residual” transport comprising the e↵ect of mean advection and both
eddy-di↵usion and eddy-advection, although no conclusion about the role of the
super-residual transport in the heat budget was made. This super-residual trans-
port framework allows for direct model intercomparisons, as it overcomes di↵erences
in the combined representation of those three processes depending on model reso-
lution. For example, some eddy-permitting models include a parameterisation for
isoneutral di↵usion [Kuhlbrodt et al., 2015, Megann et al., 2014] whereas some oth-
ers consider that the resolved advection induces su�cient isopycnal mixing [Gri�es
et al., 2015a, Morrison et al., 2013, von Storch et al., 2016, Wolfe et al., 2008].

In this study, we use a budget analysis to examine the role of the super-residual
transport in the global vertical balance of heat and salt under a quasi-steady state,
including regional distribution of key processes involved and their depth-dependency.
Our results are based on a model simulation using the Australian Community Cli-
mate and Earth System Simulator Ocean Model (ACCESS-OM2) [Bi et al., 2013a,
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Kiss et al., 2020], forced with the JRA-55-do dataset [Tsujino et al., 2018].

This paper is organised as follows. Section 3.2 describes the ACCESS-OM2 config-
uration, the JRA-55-do surface flux products, and the experimental design. Section
3.3 explains the budget approach. Budget results for the global mean state are
found in Section 3.4 and the regional contributions are explored in Section 3.5. The
vertical distribution of the main processes is described in Section 3.6. Discussion
and conclusions are found in Sections 5.5 and 3.8 respectively.

3.2 Ocean-Sea Ice Model Simulations

3.2.1 ACCESS-OM2 configuration

The global model used in this study is the Australian Community Climate and
Earth System Simulator in its ocean-sea ice version 2.0 (ACCESS-OM2). This
version is largely based on the configuration described in Bi et al. [2013a], with
updates described in Kiss et al. [2020]. These updates include the 5th version of
the National Oceanic and Atmospheric Administration (NOAA) Geophysical Fluid
Dynamics Laboratory (GFDL) Modular Ocean Model (MOM5) for the ocean com-
ponent, the Los Alamos sea ice model (CICE) version 5 [Hunke et al., 2013], coupled
with the Centre Europeen de Recherche et de Formation Avancee en Calcul Scien-
tifique Ocean Atmosphere Sea Ice Soil version 3 with the Model Coupling Toolkit
(OASIS3-MCT) from the Argonne National Laboratory [Valcke et al., 2015].

The ACCESS-OM2 ocean model makes use of a hydrostatic and Boussinesq form
of the MOM5 of Gri�es and Greatbatch [2012]. Nominal horizontal resolution
is 1-degree, with higher meridional resolution (1/3�) in an equatorial band, with
cosine-dependent (Mercator) meridional resolution in the Southern Ocean, and a
tripolar grid in the Arctic following Murray [1996]. In the vertical, the domain com-
prises 50 levels with z* coordinates [Adcroft et al., 1997, Stacey et al., 1995], varying
between 10 m of thickness near-surface to 333 m in the abyssal ocean. To prevent
unrealistic model states, a sea surface salinity restoring is applied with a timescale
of 60 days over the upper layer with a nominal 10 m thickness (for a discussion on
salinity restoring timescale, please see Danabasoglu et al., 2014).

To represent the subgridscale processes, the model includes an isoneutral di↵usion
parameterisation from Solomon [1971] and Redi [1982] as implemented by Gri�es
et al. [1998] (hereafter referred as G98), a Gent and McWilliams [1990] scheme for-
mulated as a skew flux [Gri�es et al., 1998] as implemented according to Ferrari
et al. [2010] (referred as GM90). The neutral di↵usion scheme also includes a taper-
ing scheme for large neutral slopes from Danabasoglu and McWilliams [1995]. In
the surface ocean boundary layer, the vertical mixing follows the K-Profile parame-
terisation (KPP) from Large et al. [1994] and in the mixed layer the restratification
e↵ects from baroclinic eddies are parameterised according to Fox-Kemper et al.
[2011]. Convective adjustment uses the parameterisation from Klinger et al. [1996]
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through enhancement of dianeutral di↵usion. In addition, the horizontal friction
uses a Smagorinsky biharmonic scheme following Gri�es and Hallberg [2000], a
tidal mixing parameterisation from Simmons et al. [2004], and the coastal tide mix-
ing scheme of Lee et al. [2006]. Dense waters moving into the abyssal ocean are
parameterised with a downslope mixing scheme as described in Snow et al. [2015].
The main subgridscale parameter coe�cients used in our simulations are listed in
Table 3.1.

Surface forcing datasets

Our ACCESS-OM2 simulation was driven by the JRA-55-do (driving ocean) sur-
face forcing product from Tsujino et al. [2018]. The JRA-55-do was developed
based on the Japanese 55-year Reanalysis (JRA-55) [Kobayashi et al., 2015] from
the Japan Meteorology Agency (JMA) to complement the previous widely used Co-
ordinated Ocean-Ice Reference Experiments (CORE) product developed by Large
and Yeager [2009], used in coordinated model intercomparisons [Danabasoglu et al.,
2014, Gri�es et al., 2009]. The unavailability of CORE post-2009, along with its
relatively low horizontal resolution, motivated the development of the JRA-55-do
product [Tsujino et al., 2018]. The JRA-55-do version 1.3 provides atmospheric
fields on a 55 km horizontal grid every three hours from 1958-2018. Although JRA-
55-do’s adjustment method to reference datasets is similar to CORE, refinements
were introduced through the use of satellite and atmospheric reanalysis from other
projects, with surface air temperature and specific humidity diagnostics relying on
multi-reanalysis ensemble means [Tsujino et al., 2018].

Although there is not yet an o�cial version for Normal Year Forcing (NYF, equiv-
alent to CORE-I), for this study, we adopted the repeated year 1984-1985 (Repeat
Year Forcing, RYF) with a start in May. This RYF showed the strongest Atlantic
Meridional Overturning Circulation (AMOC) and smallest salinity biases of those
RYF tested (not shown). Starting the RYF in May (and ending in April) helps to
reduce the transition across the year boundary, as the climatological monthly mean
and variance of the climate indices are smaller during May in both hemispheres
(Kial Stewart, personal communication).

Experimental design

The model was initialised with climatological potential temperature and practical
salinity from the World Ocean Atlas 2013 [Locarnini et al., 2013, Zweng et al., 2013],
and spun up for 1000 years (Figure 3.1) to reach near thermodynamical equilibrium.
Although this spinup is focussed on the long-term response from the ocean-sea ice
system (internal variability), it also retains synoptic variability [Gri�es et al., 2009].
We averaged the last 20 years of the spinup to obtain our annual mean state.

While ocean models usually show a relatively fast adjustment in the upper pyc-
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nocline region over about 50-100 years, the deep ocean can drift for centuries to
millennia due to imbalances between the initial and boundary conditions, and/or
biases in the simulated ocean circulation [Gri�es et al., 2009]. Our 1000-year model
integration greatly reduced drift in the deep ocean, with the meridional overturn-
ing, subtropical and subpolar gyres, convection and deep-water formation reaching
a near-steady state (not shown).

3.3 Ocean budget approach

To quantify processes responsible for temperature and salinity transport, we use a
set of online tendency diagnostics (see Table 3.2 for a summary of all terms). The
time tendency for the heat content in a grid cell, per unit horizontal area, can be
written as:

Cp ⇢0
@(⇥ dz)

@t
= �rz · F� �kF

z (3.1)

where ⇥ is conservative temperature, ⇢0 is a reference density (1035 Kg.m�3) and
Cp is heat capacity (3992 J kg�1 �C). The time tendency for the heat content (LHS
of Equation 3.1) results from the convergence of a variety of heat fluxes (RHS). The
variety of heat fluxes (F) that can alter the heat content of a grid cell in ACCESS-
OM2 are:

F = SFC + ADV +DIA+KPP + SWP + EIT + SUB + CON + PME + RIV

+FRZ (3.2)

Except for the net air-sea fluxes (SFC , only acting at the surface layer) and mean
advection (ADV ) terms, all other terms in the RHS of Equation 3.2 are represented
by subgridscale (SGS) processes:

• DIA: dianeutral (across neutral surfaces) di↵usion. The background di↵u-
sivity was configured with the latitudinal-dependent scheme from Jochum
[2009a], with a constant value outside the tropics (k0 of 0.5 x 10�5 m2 s�1),
reducing to 1 x 10�6 m2 s�1 at the equator (20�S - 20�N). Various parameter-
isations a↵ect the dianeutral di↵usion, including: tidal mixing, the local com-
ponent of K-Profile Parameterisation (shear instabilities, double di↵usion),
and convection (presented separately as CON , see below);

• KPP : the non-local component of the K-Profile parameterisation for the ocean
surface boundary layer (OBL);

• SWP : shortwave penetration through the water column;

• EIT : eddy-induced transport, combined e↵ect of parameterised eddy-advection
(GM90) and parameterised eddy (isoneutral) di↵usion (G98);
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• SUB : the restratification term from submesoscale eddies in the mixed layer;

• CON : includes mixing due to convective instabilities (parameterised through
enhancement of vertical di↵usivity following Klinger et al., 1996) and the over-
flow parameterisation of dense water flowing down topographic slopes (downs-
lope mixing scheme);

• PME/RIV : the mass flux at the surface due to real water flux boundary con-
ditions carries heat content in and out of the ocean through the precipitation
(liquid and solid) and evaporation (PME ) and river runo↵ (RIV ) terms. By
convention, the heat content of mass exchanged across the ocean boundary is
computed with respect to 0�C. Liquid and solid precipitation are assumed to
have the same temperature as the ocean surface;

• FRZ : formation of frazil sea-ice when the temperature of seawater cools below
the freezing point.

The salt budget in Equation 3.3 is written in a manner similar to the heat budget
in Equation 3.1:

⇢0
@(S dz)

@t
= �rz · F� �kF

z (3.3)

with the fluxes (F) contributing to salinity changes in a grid cell given by:

F = SFC + ADV +DIA+KPP + EIT + SUB + CON + ICE + RES + PME

+RIV (3.4)

Compared to the heat fluxes in Equation 3.2, the salt fluxes in Equation 3.4 are not
a↵ected by SWP and FRZ and include two extra terms to account for surface salt
fluxes due to sea surface salinity restoring (RES ) and exchange with sea ice (ICE ,
see Table 3.2). For comparison with PME and RIV , we converted RES and ICE
into equivalent freshwater fluxes. As our model simulation conserves ocean heat
and salt within each grid cell, the sum of the RHS terms (transport convergence) is
equal to the LHS (tracer tendency) in Equations 3.1 and 3.3.

3.4 Global balance

The globally-integrated drift in annual mean temperature and salinity (Figure 3.1)
over the final several hundred years of the simulation is small relative to that from
the previous generation of models in Gri�es et al. [2009] (their Figures 5 and 6).
Relative to the WOA13 climatology [Locarnini et al., 2013], the temperature evo-
lution shows a mild cooling (> -0.4�C) in the upper-500 m, a warming tendency
between 500 and 800 m, less than 0.2�C, associated with Subantarctic Mode Water
(SAMW) and Antarctic Intermediate Water (AAIW), and a general cooling below
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800 m, associated with North Atlantic Deep Water (NADW) and Antarctic Bot-
tom Water (AABW). Changes in the salinity [Zweng et al., 2013] show a freshening
(negative bias) over the surface layer and deep ocean below 2000 m while positive
biases occur from subsurface to 2000 m.

The 20-year mean state of the global vertical transport for each physical process
listed in Table 3.2 is shown in Figure 3.2. Downward (upward) transport of heat or
salt is denoted by positive (negative) fluxes. The net tendency (NET , LHS of the
budget equations) is close to zero (black line) as expected for a quasi-steady state.
The processes that control the vertical transport below 200 m are basically the same
for heat and salt but as expected they di↵er considerably in the upper-200 m, where
the e↵ect of di↵erent surface heat and salt/freshwater boundary fluxes are most
pronounced. Model temperature and salinity drifts (Figure 3.1) are negligible to
the interpretation of the budgets (at least one order of magnitude smaller than the
transport due to individual processes).

In the upper-100 m, the vertical heat transport arises from the balance between
downward heat fluxes due to dianeutral di↵usion (DIA) along with shortwave pen-
etration (SWP) and upward heat fluxes from the non-local vertical mixing (KPP)
and convection (CON ) (Figure 3.2). Other terms have secondary importance. For
the salt budget, DIA is balanced by all the other processes in the top-200 m (Figure
3.2) but this balance varies over depth, where strong salinity gradients in the pyc-
nocline exist. In the top 50 m, DIA represents mixed-layer processes and drives a
downward salt flux. Below 50 m, DIA results in upward salt flux. The relationship
between the upper-700 m processes and surface fluxes is investigated in Section 3.5.1.

Below 200 m, vertical transport results from the same balance of physical pro-
cesses for heat and salt (Figure 3.2). The largest transport convergences are ex-
plained by the mean advection (ADV ) and eddy-induced transport (EIT ), down
to 3500 m. The EIT accounts for eddy-induced advection (GM90) and isoneutral
di↵usion (G98), with similar contributions to the upward transport. As in previous
studies, upward transport by EIT is balanced by downward transport due to ADV
in the mean state (e.g. Hieronymus and Nycander, 2013; Kuhlbrodt et al., 2015;
Gri�es et al., 2015a; von Storch et al., 2016).

As both components of EIT (eddy-induced advection and isoneutral di↵usion) can
be seen as di↵usive processes on isopycnals, they can be added to the large-scale
advection (ADV ) to result in a “super-residual” transport (SRT ), as defined by
Kuhlbrodt et al. [2015]:

SRT = ADV + EIT (3.5)

This term was originally proposed as a novel way to examine the residual advection
(ADV + GM parameterisation part of the EIT ) balanced with mixing along neutral
surfaces (isoneutral or eddy di↵usion) below 200 m. Here, we found that the SRT
has two depth-dependent regimes for both heat and salt - hereafter “upper-ocean”
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and “ocean interior” - roughly separated at 700-800 m in the global integral (Figure
3.2). Above 700-800 m, including deep mixed layers in high-latitudes, downward
SRT flux is compensated by upward fluxes from convection, non-local KPP and
submesoscale eddies (SUB). Below 700-800 m, the upward SRT flux is balanced
by downward flux via DIA. We do not include the submesoscale scheme in the
SRT as we focus on that portion of the parameterised flow that is largely associ-
ated with geostrophic flow, such as from the GM90 and G98 schemes. In contrast,
the Fox-Kemper et al. [2011] scheme is associated with order one Rossby Number
baroclinic eddies in the mixed layer [Boccaletti et al., 2007]. As SUB has similar
e↵ect and depth-distribution to the non-local KPP , these processes are combined
in the analyses of Section 3.6.

Several studies have highlighted the importance of eddy fluxes in compensating the
downward transport of large-scale advection (e.g. Wolfe et al., 2008, Gri�es et al.,
2015a, von Storch et al., 2016, Saenko et al., 2018) but no study so far has dis-
cussed the role of the SRT after being introduced by Kuhlbrodt et al. [2015]. In the
next sections, we will show that the two global-integral SRT regimes (Sections 3.5.1
and 3.5.2) identified above are linked with regional formation and redistribution of
dense watermasses (SAMW, AAIW, NADW and AABW) by e↵ectively removing
recently formed dense water from deep mixed layer regions into the ocean interior
(Section 3.6). We suggest that the SRT mechanism in the ocean interior regime can
be re-interpreted as the advective part of the classical advective-di↵usive balance of
Stommel and Arons [1960] and Munk [1966], although not uniformly distributed in
the deep and abyssal ocean. In this new perspective, our SRT results di↵er from the
similar studies mentioned above, where Munk’s balance was deemed to have only a
minor role in their global heat and salt budgets [Hieronymus and Nycander, 2013,
Kuhlbrodt et al., 2015].

3.5 Depth-integrated regimes

3.5.1 Upper-ocean above 700 m

The upper ocean has an important role in exchanging heat and freshwater with the
overlying atmosphere. Air-sea fluxes directly a↵ect the ocean surface boundary layer
(hereafter referred as mixed layer), which varies in depth depending on location and
season (Figure 3.3). In this section, we investigate how the surface heat and salt
fluxes a↵ect oceanic processes, particularly to understand the relationship between
mixed-layer processes and the upper-ocean regime of the SRT .

The air-sea heat and freshwater fluxes were computed with respect to the JRA-55-do
surface forcing and the ocean mean state over the last 20 out of 1000 years (Figures
3.4a, b and 3.5a, b). The net air-sea heat flux is a result of radiative (shortwave
and longwave) and turbulent (sensible and latent) heat fluxes (Figure 3.4b), with
minor contribution from other processes (i.e. PME , RIV , FRZ ). In general, the
net air-sea heat flux (Figure 3.4a) warms the equatorial ocean, low latitude eastern
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boundary regions, and across the zonally non-uniform 40-55�S band in the Southern
Ocean [Tamsitt et al., 2016], whereas it cools the ocean at midlatitudes in West-
ern Boundary Currents (WBCs) and at high-latitudes (poleward of 50�). Regions
of maximum deep mixed layers (Figure 3.3) at high-latitudes of both hemispheres
lose heat to the atmosphere (Figure 3.4a). The net surface freshwater fluxes have
contributions from PME , RIV , RES , and ICE (Figure 3.5b; restoring and sea-ice
salt fluxes were converted to equivalent freshwater fluxes for comparison). PME
dominates the global patterns and RIV is of local importance only (Figure 3.5a).
RES plays a role in WBCs, Antarctic Circumpolar Current (ACC) and high-latitude
regions (not shown). ICE is the dominant contribution at high-latitudes. Its e↵ect
is summarised by positive freshwater flux at the marginal sea-ice zone (where sea-
ice melts) and negative freshwater fluxes at higher latitude (where sea-ice forms),
resulting in a net equatorward freshwater flux in both hemispheres (Figure 3.5b),
similar to what has been recently shown for the Southern Ocean [Abernathey et al.,
2016, Pellichero et al., 2018].

The zonally-integrated budget for 0-700 m (Figures 3.4d and 3.5d) reflects the dom-
inant processes observed in Figure 3.2, however, it shows that the significant down-
ward transport by mean advection and upward transport by the eddy-induced trans-
port vary across latitude, including changes in sign. The superposition of ADV and
EIT - the super-residual transport - has similar magnitude and opposite contribu-
tion to the net surface heat and salt fluxes (see panels (a) and (c) in Figures 3.4
and 3.5). Although the other processes seem unimportant, a depth-integration from
0 m rather than 10 m obscures the relevance of parameterised mixed-layer processes,
such as KPP and convection, that e↵ectively redistribute the air-sea fluxes across
the water column (Figure 3.6).

To investigate the vertical redistribution by mixed-layer processes, we divided the
heat and salt convergences for the surface layer (0-10 m) and for a depth-integration
from 10 to 700 m (Figure 3.6). Downward fluxes are represented by cooling/freshening
at the surface and warming/salinification at subsurface (10-700 m), where the op-
posite holds for upward fluxes. In the heat budget, DIA and SWP are responsible
for downward fluxes while KPP , CON and SUB transport heat upward. In the
salt budget, DIA transports salt upward and KPP , CON and SUB transport salt
downward. Processes such as KPP (heat), convection (heat and salt) and dianeu-
tral di↵usion (salt) respond to negative surface buoyancy forcing, and their e↵ects
reach far down in regions of deep mixed layers and are locally balanced by the SRT
transport, as will be explained in Section 3.6.

3.5.2 Ocean interior below 700 m

The zonally-integrated heat and salt budgets of the dominant processes in the ocean
interior (depth-integrated from 700 m to the bottom) are shown in Figures 3.7b and
3.8b. Downward heat/salt transport by mean advection (ADV ) and upward trans-
port by eddy-induced transport (EIT ) are the main processes in the ocean interior.
This balance mostly occurs in the mid-latitudes (35-60�) of both hemispheres and
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is dominated by the Southern Ocean, as found in previous studies [Gregory, 2000,
Kuhlbrodt et al., 2015]. In our heat balance among ADV and EIT , from 700 m
to the bottom (Table 3.3), the Southern Ocean explains 62 and 63% of the global
(values correspond to contribution from ADV and EIT , respectively), the North-
ern latitudes (north of 30�N) 27 and 30%, and the remaining 11 and 7% is found
between 30�S-30�N.

The major geographic patterns for the mean advection (ADV ) and eddy-induced
transport (EIT ) are found along frontal regions associated with WBCs, the North
Atlantic Current (NAC) and the ACC (Figures 3.7e, f and 3.8e, f). In these frontal
regions, there are dipoles of positive/negative fluxes, however, downward fluxes tend
to dominate for ADV . Although we cannot separate between the various advective
components, the dipole pattern in ADV , at least across the ACC front, is likely re-
lated with both the geostrophic (isopycnal slopes) component and the wind-driven
component, which can steepen slopes if the wind blows downstream (e.g. westerly
winds and the ACC), causing the lighter (heavier) side of the front to experience
downward (upward) transport. In general, EIT acts against ADV , with a similar
spatial distribution but opposite sign. In addition to frontal regions, ADV and EIT
tend to be locally-intensified above major topographic features such as Drake Pas-
sage, Kerguelen Plateau, the Pacific-Antarctic Ridge, as well as in highly-energetic
regions such as the Brazil-Malvinas Confluence and the Agulhas Return Current
[Tamsitt et al., 2018].

3.6 Connection between upper and interior regimes

The zonally-integrated vertical distribution of the ADV and EIT is summarised in
Figures 3.9e, f and 3.10e, f). Although the ADV downward heat fluxes and the EIT
upward heat fluxes are observed from mid- to high-latitudes in both hemispheres,
they extend deeper in the Southern Ocean (from 200 m to 4000 m) compared to
northern hemisphere basins (from 200 m to 2000 m). These fluxes traverse several
watermass definitions (green contours, Table 3.4), with a peculiarity in the salt bud-
get, where both ADV and EIT reverse sign around 1000-2000 m. This peculiarity is
related to the southward and upward transport of relatively salty deep waters into
the Southern Ocean, which is then modified by interior mixing with upper (AAIW)
and lower (AABW) layers, to form Circumpolar Deep Water (CDW). Another pe-
culiarity is a meridionally coherent feature seen in EIT and DIA poleward of 30�

around 200 m in both hemispheres (and all ocean basins) which does not seem re-
alistic. We speculate it can be related with the tapering scheme [Danabasoglu and
McWilliams, 1995] and/or due to a significant change in vertical resolution around
200 m in ACCESS [Bi et al., 2013a].

The downward fluxes by ADV have been linked with the wind-driven vertical circu-
lation [Gregory, 2000, Wolfe et al., 2008], arising from the dominance of downwelling
of warm water due to Ekman pumping over the upwelling of cold water due to Ek-
man suction. In addition, lateral variations in vertical transport can steepen the
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isopycnal slopes and increase baroclinicity, raising the available potential energy and
the mesoscale activity. The release of potential energy by transient mesoscale eddies
(eddy-advection) acts to flatten the isopycnals in opposition to the mean flow, pro-
ducing a time-mean upward heat transport that compensates (at least partially) the
mean advective transport [Gri�es et al., 2015a, Morrison et al., 2013, Wolfe et al.,
2008, Zika et al., 2013b], largely confined along the paths of the strongest currents
(WBCs, ACC, NAC, not shown). Upward fluxes also occur due to the isoneutral
(eddy) di↵usion where the isopycnals and isotherms are sloping (mostly in regions
poleward of 35� in both hemispheres, see green and black contours in Figure 3.9).
The isoneutral di↵usion also contributes to the same regions as the eddy-advection,
but it has a weaker and more widespread e↵ect throughout mid- and high-latitudes
(not shown).

Even though ADV and EIT drive the largest heat and salt transports in the ocean
interior, the globally integrated budgets show that it is the residual of these terms,
the super-residual transport (SRT ), that is most useful for elucidating the regions
and magnitudes of watermass formation and exchange. While ADV and EIT extend
to deep layers across various watermasses, poleward of 35�, the SRT contribution
is largely confined to the upper 700 m (Figures 3.9c and 3.10c). The SRT net
e↵ect is downward transport of heat and salt to counterbalance upward transport
from mixed-layer processes (KPP , SUB and CON for heat and salt, and DIA for
salt) operating within mode waters (including SAMW in the Southern Ocean and
in the northern hemisphere), intermediate waters and bottom waters in the South-
ern Ocean (AAIW and AABW) and deep waters in the Subpolar North Atlantic
(NADW). These density ranges follow definitions in Iudicone et al. [2016], except
for the AABW definition which was based on Downes et al. [2015].

In the heat budget (Figure 3.9), KPP and CON cool the subsurface ocean in re-
gions of deep mixed layers, increasing the density of the subsurface upper-ocean in
response to the negative surface heat flux (as shown in Section 3.5.1). DIA also
contributes to downward heat transport but has only secondary importance. In the
salt budget (Figure 3.10), DIA transports salt upward, but only at high-latitudes
(poleward of 50�) where the sea-ice salt flux contributes. The SRT (and secondarily
DIA for the heat budget) has a key role in balancing these mixed layer processes,
transporting heat and salt downward. The downward transport of cold water from
the mixed layer into the ocean interior can be seen as the removal of newly formed
dense waters from their region of formation.

Away from the dense water formation sites (generally below 700 m), the domi-
nant processes in the ocean interior reflect the global balance between SRT and
DIA (Figure 3.2). After removing the recently formed watermasses from the mixed
layer (Section 3.53.5.2), the SRT redistributes them along isopycnals into the ocean
interior. The counterbalancing e↵ect from DIA is interpreted as the small-scale mix-
ing necessary to maintain the overturning circulation [Kuhlbrodt et al., 2007]. This
SRT -DIA balance is not uniformly distributed over depth (Figures 3.9a, c and 3.10a,
c) and geographically (Figures 3.7a, c and 3.8a, c). The SRT -DIA balance shows
maximum vertical heat transport at around 1500 m and 3500 m (Figure 3.2a). In
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Figure 3.9a, c, this balance is largely identified below 1000 m and within 60�S-60�N,
where the SRT e↵ect is dominated by ADV at low latitudes, with EIT contribution
mostly restricted to poleward of 35� (Figure 3.9e, f). Our findings agree with recent
theories which proposed that the conversion of dense to lighter water (downward
heat transport) by dianeutral mixing occurs in a thin bottom layer [Ferrari et al.,
2016, McDougall and Ferrari, 2016] rather than in the ocean interior [Munk, 1966,
Stommel and Arons, 1960]. DIA is a↵ected by the vertical di↵usivity profile. Ex-
amination of zonal sections of vertical di↵usivity that pass through regions of rough
bottom topography support this assertion (not shown). Enhanced di↵usivity near
the bottom in ACCESS-OM2 only accounts for the parameterised breaking of inter-
nal waves over rough topography (not shown), as implemented in the tidal mixing
scheme [Simmons et al., 2004].

To illustrate the regional patterns of heat and salt transport between the upper-
ocean and the ocean interior, we show the vertically-integrated budgets between
300 and 1200 m (Figures 3.11 and 3.12). This depth interval highlights processes
occurring away from the largest fluxes near the surface (mostly above 200 m) but
comprises a large portion of deep mixed layers where dense watermasses are formed
and then transported to the ocean interior. The main SRT distribution at this depth
range is clearly associated with deep mixed layers (Figure 3.3). In the heat budget
(Figure 3.11), the SRT transports heat downward (with a secondary contribution
from DIA), counterbalancing upward fluxes from KPP , submesoscale eddies (SUB)
and convection (CON ). In the salt budget (Figure 3.12), DIA also contributes to
upward salt transport. These upward heat and salt fluxes occur in the deep mixed
layer regions where the air-sea heat fluxes have a strong cooling e↵ect on the ocean
surface (Figure 3.4a). The vertical mixing by KPP and CON is a response to the
negative buoyancy fluxes, leading to mixing of tracers and deepening of the mixed
layer. Upward salt flux from DIA is associated with dsownward di↵usion of fresh-
water. SUB acts only in the mixed layer with a restratification e↵ect, resulting in
upward heat and salt fluxes in the subsurface mixed layer.

3.7 Discussion

We presented ocean heat and salt budget analyses for a quasi-steady state simulation
from ACCESS-OM2. The dominant processes of vertical heat and salt transport
were decomposed into regional processes for both the upper-ocean and ocean inte-
rior. The superposition of the two main processes of vertical heat and salt transport,
the mean advection and the eddy-induced transport, defined as the super-residual
transport, reveals two opposite contributions over depth: the upper-ocean regime
is largely associated with deep winter mixed layers where dense waters originate,
while the ocean interior regime is associated with the recirculation of these dense
waters. The latter regime can be seen as a re-interpretation of the classical advective-
di↵usive balance, although with important di↵erences from the original theory with
respect to the non-uniform distribution [Munk, 1966, Stommel and Arons, 1960].
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Compared to past findings, our results are in agreement with recent studies which
performed budget calculations for the upper-200 m. Hieronymus and Nycander
[2013] highlighted the importance of the shortwave penetration and convection for
the heat balance and of dianeutral di↵usion, mean advection and convection for
the salt budget in the NEMO ocean-sea ice model. Similarly, Gri�es et al. [2015a]
showed that KPP , shortwave penetration and dianeutral di↵usion are the main
terms of the upper-200 m heat budget in a suite of GFDL coupled climate mod-
els (CM2-0, although they did not separate the convection term from dianeutral
di↵usion). Below 200 m, previous heat/salt budget studies showed that mean ad-
vection and eddy-induced transport dominate the vertical transport (e.g. Gregory,
2000, Gnanadesikan et al., 2005, Wolfe et al., 2008, Hieronymus and Nycander,
2013, Exarchou et al., 2015, Gri�es et al., 2015a). The total eddy transport has
quantitatively similar contributions from both parameterised eddy-advection GM90
and eddy (isoneutral) di↵usion G98. Our results from ACCESS-OM2 show a similar
role for those processes in the vertical transport, with a major contribution from
the Southern Ocean (60% of the global), as noted in Gregory [2000] and Kuhlbrodt
et al. [2015]. However, by presenting a new interpretation of this vertical balance
through the super-residual transport, we highlight its key role in the transport of
newly formed dense watermasses into the ocean interior, not detailed in previous
studies.

In our study, the super-residual transport shows two distinct roles depending on
depth, which we divided into upper-ocean and ocean interior regimes. In the upper-
ocean regime, within the winter deep mixed layer regions from both hemispheres
(above 700 m in the global integral, Figure 3.2), the SRT moves heat and salt
downward. This transport compensates upward fluxes from non-local vertical mix-
ing from KPP , submesoscale eddies, convection (heat and salt), and dianeutral
di↵usion (salt). The e↵ect of dianeutral di↵usion di↵ers: downward (reinforcing
SRT ) for heat and upward (against SRT ) for salt. The winter deep mixed layers
are triggered by strong negative surface buoyancy fluxes but vary in depth depend-
ing on location (not shown). Convection and KPP actively respond to the negative
surface fluxes over the whole mixed layer column (Figure 3.3).

In the band between 40 and 60�S, winter deep mixed layers, where dense water
masses are formed (e.g. Marshall et al., 1993), are especially found on the eastern
Indian and Pacific sectors, where the ACC shifts poleward and where a zonal asym-
metry in air-sea flux products is observed [Cerovečki et al., 2011, Tamsitt et al.,
2016]. In these areas, upward heat fluxes reach 700 m, associated with mode and
intermediate waters (SAMW and AAIW), and transform relatively warm and salty
deep waters into lighter (colder and fresher) waters (Figure 3.9d and f). Lagrangian
trajectories from an ocean state estimation confirm that this watermass transfor-
mation occurs below surface layers [Tamsitt et al., 2018]. However, the e↵ect of
vertical redistribution processes (KPP and convection) was deemed secondary in
observational and reanalysis-based mixed-layer heat budgets [Dong et al., 2007,
Tamsitt et al., 2016]. Our analyses indicate that these two processes actually play
an essential role in the formation of dense waters (SAMW, AAIW, NADW, AABW).
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In terms of AAIW formation due to freshwater fluxes, we find that equatorward
transport is dominated by the ICE fluxes (Figure 3.5b), resulting from positive
surface salt fluxes due to sea-ice formation near the coast and negative salt fluxes
near the marginal zones where sea-ice melts and AAIW originates [Pellichero et al.,
2018]. These fluxes are maximum during late winter and spring when sea-ice melting
is larger (not shown) and can be linked with the first stage of AAIW transforma-
tion as described in Evans et al. [2018]. In ACCESS-OM2, however, large salinity
restoring fluxes occur due to biases associated with a weaker and less penetrative
AAIW salinity minimum tongue relative to observations (see between 30�-45�S re-
gion in Figure 3.5b), a common bias in ocean models [Bi et al., 2013a, Downes et al.,
2015]. The AAIW positive temperature and salinity biases (see Figure 12a,b of Kiss
et al., 2020) combined with an overestimation of the SAMW low potential vorticity
[Downes et al., 2015] results in the warming drift centred at 700 m (Figure 3.1).

High-latitudes of the North Atlantic, where winter deep mixed layers are observed
(e.g. Talley and McCartney, 1982, Swift, 1984, Dickson and Brown, 1994), are im-
portant formation regions for NADW. We find strong upward heat fluxes within
deep mixed layers in the Labrador Sea, south of Iceland and southeast of Svalbard
(Figures 3.11a, b, d and 3.12a, b, d). While in the Labrador Sea and south of
Greenland these upward fluxes (and the MLD) reach depths greater than 2000 m,
in the Greenland-Iceland-Norwegian Seas, upward heat fluxes are shallower (around
1500 m), consistent with the mid-depth convection expected for these regions [Aa-
gaard and Carmack, 1989]. There is a large variety of subgridscale processes in
high-latitudes that play a role in ventilating the deep ocean [Palter et al., 2013]. In
particular, we note that the connection of the surface buoyancy fluxes with water
parcels in the deep mixed layers is done by convection and KPP in the heat budget
and dianeutral di↵usion in the salt budget. Although significant model tempera-
ture, salinity and MLD biases are generally seen in the North Atlantic Subpolar
Gyre [Danabasoglu et al., 2014], the ACCESS-OM2 has good representation of the
AMOC transport strength, with a seasonal average of 16 Sv (not shown) that agrees
well with observations from the RAPID mooring array at 26.5�N [McCarthy et al.,
2015].

The deep mixed layer regions around the Antarctic continent also contribute to
dense watermass formation. For AABW formation, these MLDs are found in the
Weddell and Ross Seas, where convection to the seafloor dominates the upward heat
transport south of 60�S (see Figure 3.7b, d). The formation of large polynyas in
those seas is common in ocean models [de Lavergne et al., 2014], allowing unreal-
istic open-ocean convection to occur, which can produce excessive AABW, usually
associated with a cooling model drift in the ocean abyss [Bi et al., 2013a, Gri�es
et al., 2009]. Although this is not a desirable feature in climate simulations, previ-
ous occurrences of the Weddell polynya have been recorded in the 1970s [Carsey,
1980, Gordon and Comiso, 1988, Zwally and Gloersen, 1977] and in recent years
[Campbell et al., 2019]. In addition to convection within the polynyas, our results
show strong vertical fluxes over the continental shelf (see Figure 3.11b, d), not only
in the Weddell and Ross Seas but also in spots along the East Antarctic sector.
Although the PME dominates the surface freshwater fluxes at most regions, the
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sea-ice (ICE ) and river runo↵ (RIV ) fluxes are the main contributors poleward of
70� (both hemispheres, Figure 3.5b). The negative freshwater fluxes due to brine
rejection during wintertime helps to destabilise the water column and strengthen
convection.

For the ocean interior regime, the super-residual transport has an opposite con-
tribution to that in regions of deep mixed layers. As the super-residual transport
removes recently formed dense waters from mixed layers (warming), it has a cooling
e↵ect below the deep mixed layers as these watermasses are transported along their
respective neutral surfaces. This upward heat transport (cooling e↵ect) in the ocean
interior is counterbalanced by downward transport through dianeutral di↵usion. We
interpreted this as transport of cold waters in the ocean interior along with turbulent
mixing with adjacent watermasses. While previous studies found that the advective
cooling of AABW is compensated by dianeutral di↵usion below 3000 m [Exarchou
et al., 2015, Gri�es et al., 2015a, Kuhlbrodt et al., 2015], our findings associate the
SRT with the transport of all main dense waters that fill the ocean interior (mode,
intermediate, deep and bottom waters) largely below 700 m, as indicated by the
sign change of SRT from positive to negative at 700 m in Figure 3.2, and seen in the
balance between DIA and SRT in the global integrals of Figure 3.9a and c. This is a
key component of our interpretation of the budget using the super-residual approach.

Whilst analysing the tracer budget under the super-residual perspective does not
disregard the fact that the mean advection and eddy-induced transport are the
largest contributions for global vertical transport, this approach reveals a novel in-
sight of the role of the advective-di↵usive balance for budget analyses. Prior studies
emphasised that the advective-di↵usive balance suggested by Munk [1966] is largely
negligible to the global heat budget [Kuhlbrodt et al., 2015, Palter et al., 2013]. How-
ever, reinterpreting the e↵ective watermass redistribution by SRT as the advective
component, an advective-di↵usive balance in the ocean interior seems remarkably
appropriate.

Aligned with in situ observations [Polzin, 1997, St. Laurent et al., 2012, 2002] and
recent theories for the abyssal circulation [Ferrari et al., 2016, McDougall and Fer-
rari, 2016], we find that the vertical distribution of the dianeutral mixing is not
globally uniform. The strongest mixing of bottom waters in ACCESS-OM2 oc-
curs mostly in regions of rough topography, in support of recent findings [Ferrari
et al., 2016, Holmes et al., 2018b], where internal tides dissipate energy [Melet et al.,
2016, Simmons et al., 2004] and shape the abyssal circulation [de Lavergne et al.,
2017]. One caveat is that our model simulation does not include geothermal heating
(and other sources of internal mixing). Geothermal heating is expected to a↵ect
the near-bottom ocean temperature and overturning circulation [de Lavergne et al.,
2016, Downes et al., 2016, Emile-Geay and Madec, 2009, Mashayek et al., 2013] and
therefore to play a potentially large role in the deep ocean heat budget [Hieronymus
and Nycander, 2013]. By driving downward heat transport near the bottom, it is
expected to reinforce the abyssal circulation [Ferrari et al., 2016].
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3.8 Conclusions

To summarise, after spinning up the ACCESS-OM2 model under JRA-55-do Repeat
Year Forcing, we found the global heat and salt budgets are quantitatively domi-
nated by the downward fluxes from the large-scale advection and upward fluxes
from mesoscale eddy advection and di↵usion (isopycnal) in most parts of the ocean
interior. In agreement with previous studies, the Southern Ocean dominates this
balance, representing between 62-63% of the overall global heat balance below 700 m,
against 27-30% for the northern oceans and 7-11% from the tropical regions.

The residual of these dominant processes, defined here as the super-residual trans-
port, has a key role in the formation and redistribution of watermasses as a major
driver of overall heat and salt transport (Figure 3.13). Vertical mixing of heat,
dianeutral di↵usion of salt, convection and submesoscale restratification drive up-
ward fluxes as part of the formation of dense waters in regions of deep winter mixed
layers. In an equilibrated state, these fluxes are compensated by downward fluxes
primarily from the super-residual transport (with a secondary contribution via dia-
neutral di↵usion of heat), which can be interpreted as removal of these dense waters
from regions of formation into the adjacent ocean interior. Away from dense water
formation regions, the super-residual transport acts to move these waters into their
respective neutral layers, generally reflected in upward heat and salt fluxes balanced
by dianeutral mixing. This super-residual transport and dianeutral di↵usion bal-
ance is a contemporary interpretation of the classical advective-di↵usive balance,
where the advective part corresponds to the sum of large-scale and mesoscale eddy
processes; and the di↵usive part is associated with the turbulent mixing across deep
and bottom waters. Our budget results support recent studies that found dianeutral
mixing to have important spatial variability, being the abyssal mixing of bottom wa-
ters with lighter waters above, associated with internal waves breaking over rough
topography [Ferrari et al., 2016, Polzin, 1997].

The inspection of the super-residual transport in addition to the large-scale circula-
tion and mesoscale eddy transport in budget analyses has important implications.
First, the definition of SRT is useful for inter-model comparison with di↵erent grid
resolutions; the isoneutral di↵usion, for example, is intrinsically included in SRT ei-
ther if it is parameterised (by eddy-induced transport) or not (accounted by resolved
advection), as in eddy-permitting models [Kuhlbrodt et al., 2015]. Second, the SRT
can be used to calibrate simple climate models (e.g. MAGICC, Meinshausen et al.,
2011) that rely on the vertical advective-di↵usive balance, an essential tool for policy
advice on mitigation strategies [Huber et al., 2015]. Third, it elucidates a significant
connection between the residual of the dominant processes of vertical transport and
the processes that were previously thought of secondary importance; the mechanisms
of watermass formation and erosion highlight the model dependence on subgridscale
parameterisations, such as vertical mixing, convection, submesoscale eddies, and the
vertical di↵usion due to internal tides. Further inter-model comparison in the scope
of FAFMIP [Gregory et al., 2016] and OMIP [Gri�es et al., 2016] using the budget
analysis and the super-residual approach can give important direct insights on how
di↵erent ocean models represent physical processes, and thus impact on uptake of
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tracers, ocean circulation and sea level patterns.

Table 3.1: Coe�cients used in subgridscale parameterisations: KPP (K-Profile pa-
rameterisation), [Large et al., 1994], tidal mixing scheme S04 [Simmons et al., 2004],
isouneutral di↵usion G98 [Gri�es et al., 1998], tappering of isoneutral di↵usion
DM95 [Danabasoglu and McWilliams, 1995] and eddy-advection GM90 [Ferrari and
Ferreira, 2011, Gent and McWilliams, 1990].

Parameter Scheme Value
Maximum Viscosity due to shear instability KPP 5⇥10�3 m2s�1

Maximum Di↵usivity due to shear instability KPP 5⇥10�3 m2s�1

Viscosity due to convective instability KPP 0.1 m2s�1

Di↵usivity due to convective instability KPP 0.1 m2s�1

Roughness scale S04 12000 m
Neutral di↵usivity G98 600 m2s�1

Maximum isoneutral slope G98 0.01
Transition for scaling isoneutral di↵usivities DM95 0.004
Half-width scaling for di↵usivity DM95 0.001
Eddy-induced advection (skew) di↵usivity/min - max GM90 50 - 600 m2s�1
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Table 3.3: Contribution of the main processes (in %) to positive/negative heat fluxes
per regions: Southern latitudes (south of 30�S), low latitudes (30�S-30�N), Northern
latitudes (north of 30�N). The values are depth integrated (700 m to bottom) zonally
and meridionally between given latitudinal bounds. We only integrated the grid
points where the DIA and ADV have positive (downward) transport and the EIT
and CON have negative (upward) transport.

Process Transport Southern latitudes Low latitudes Northern latitudes
ADV + 62 11 27
EIT * 63 7 30
DIA + 24 32 44
CON * 70 1 29

Table 3.4: watermass definitions in �⇥, based on Iudicone et al. [2016].

watermass Density interval (�⇥)
Tropical Water < 24.5

Subtropical Mode Water 24.5 - 26.6
Subpolar Mode Water 26.6 - 27.0
Intermediate Water 27.0 - 27.5

Deep Water 27.5 - 27.75
Bottom Water > 27.75
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Figure 3.1: Horizontally averaged drift (di↵erence from model output relative to the
WOA2013 climatology) of the annual mean (a) temperature (�C) and (b) salinity
(psu) for JRA-55-do RYF simulation. The depth-axis are plotted in Log2 for a
clear view of the upper-ocean. Contour lines are defined for a 0.2�C and 0.025 psu
intervals.
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Figure 3.2: Global (horizontally-integrated) ocean heat (left) and salt (right) bud-
gets for the mean state. Budget terms (RHS in Equation 3.1 and 3.3) are listed in
Table 3.2. Their sum is equivalent to the net tendency (black line, LHS in Equation
3.1 and 3.3). Flux units for heat is �C.Yr�1 and for salt is Yr�1. Note the di↵erent
limits in the x-axis for di↵erent depth-intervals. Positive (negative) is downward
(upward) flux for both heat and salt.
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Figure 3.3: Winter mixed layer depth (MLD) for the mean state of JRA55-RYF
experiment. The threshold criteria used for diagnose the MLD follows Danabasoglu
et al. [2014] for the Northern Hemisphere (March, depth at which the potential
density changes by 0.125 kg m�3 from its surface value) and Downes et al. [2015]
for the Southern Hemisphere (September, density changes by 0.03 kg m�3).
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Figure 3.4: Mean state of (a) net surface heat flux and (b) zonally-integrated surface
heat flux components (both in W m�2) where positive (negative) values denote heat
gain (loss) by the ocean. Depth-integrated (surface to 700 m) heat fluxes for the
main processes: (c) super-residual transport, (e) mean advection and (f) eddy-
induced transport (W m�2). (d) Zonally and depth-integrated (surface to 700 m)
ocean heat transport components.
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Figure 3.5: Mean state of (a) net surface freshwater flux and (b) zonally-integrated
surface freshwater flux components (both in kg m�2 s�1 of freshwater), where posi-
tive (negative) values denote freshwater gain (loss) by the ocean. Depth-integrated
(surface to 700 m) salt fluxes for the main processes: (c) super-residual transport,
(e) mean advection and (f) eddy-induced transport (kg m�2 s�1 of salt). (d) Zonally
and depth-integrated (surface to 700 m) ocean salt transport components (also in
kg m�2 s�1 of salt).
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Figure 3.6: Zonally-integrated ocean heat (left panels) and salt (right panels) bud-
gets at the (a), (b) ocean surface and (c), (d) depth-integrated from 10 m to 700 m.
Units are W m�2 for the heat budget and kg m�2 s�1 for the salt. Positive (negative)
is downward (upward) flux for both heat and salt.
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Figure 3.7: Mean state of the depth-integrated (700 m to bottom) in W m�2 for the
main processes: (a) dianeutral di↵usion, (c) super-residual transport, (d) convec-
tion, (e) mean advection and (f) eddy-induced transport. (b) Zonally and depth-
integrated (700 m to bottom) for all ocean heat transport components in W m�2.
Panel (b) shows the SRT -DIA balance magnified by a factor of 10 for clarity.
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Figure 3.8: Mean state of the depth-integrated (700 m to bottom) in kg m�2 s�1

for the main processes: (a) dianeutral di↵usion, (c) super-residual transport, (d)
convection, (e) mean advection and (f) eddy-induced transport. (b) Zonally and
depth-integrated (700 m to bottom) for all ocean salt transport components in kg
m�2 s�1. Panel (b) shows the SRT -DIA balance magnified by a factor of 10 for
clarity.
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Figure 3.9: Mean state of the zonally-integrated ocean heat budget (W m�2) for
the following processes: (a) dianeutral di↵usion plus shortwave penetration, (b) non-
local KPP plus submesoscale eddies, (c) super-residual transport, (d) convection and
overflow, (e) mean advection and (e) eddy-induced transport. The depth-axis are
plotted in Log2 for a clear view of the upper-ocean processes. Black isotherms show
2� C intervals, green isopycnals show watermasses as defined in Table 3.4.
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Figure 3.10: As in Figure 3.9 but for ocean salt budget (kg m�2 s�1). Black isoha-
lines show 0.5 psu intervals, green isopycnals show watermasses as defined in Table
3.4.
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Figure 3.11: Depth-integrated (300-1200 m) ocean heat budget (W m�2): (a) di-
aneutral di↵usion, (b) non-local KPP plus submesoscale eddies, (c) super-residual
transport, (d) convection and overflow, (e) mean advection and (e) eddy-induced
transport. Grey isothermals show 1.25� C intervals.
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Figure 3.12: As in Figure 3.11 but for ocean salt budget (kg m�2 s�1); grey isohalines
show 0.5 psu intervals.



3.8. CONCLUSIONS 42

SRT downward 
heat transport

     Upward heat transport by CON     Upward heat transport by non-local KPP      Downward heat transport by DIA

AABW

CDW

AAIW

SAMW

SRT upward 
heat transport

NADW

SAMW   26.6  < σϴ < 27.0

AAIW   27.0  < σϴ < 27.5

NADW/CDW  27.5  < σϴ < 27.75

AABW  σϴ > 27.75

Figure 3.13: Schematic of the super-residual framework. Colourmap is the mean
state of the zonally-integrated super-residual transport (SRT = ADV + EIT ),
using a 2-grid cell smoother, where positive values denote downward heat transport
and negative values represent upward heat transport. Black dashed lines represent
the isopycnals of watermass interfaces according to Table 3.4. Gray dashed lines
represent the isohaline contours. The balance between convective (yellow arrow)
and mixed-layer (blue arrow) processes and the super-residual transport occurs in
the deep mixed layers, identified in the schematic by the strong downward heat
transport by SRT . The balance between dianeutral di↵usion (red arrow) and the
super-residual transport is found in the ocean interior at a range of depths and away
from the mixed layers.



Chapter 4

Subpolar Southern Ocean response to
changes in the surface momentum, heat
and freshwater fluxes under 2xCO2

4.1 Introduction

Changes in ocean temperature (thermosteric e↵ect) and salinity (halosteric e↵ect)
a↵ect dynamic sea-level, with expansion coe�cients that strongly vary with location;
and also cause changes in ocean density, a↵ecting ocean circulation and transport of
heat and salt. Understanding these processes is key to constraining sea-level projec-
tions, which currently exhibit a large spread: approximately half of the uncertainty
is attributed to the atmospheric response to radiative forcing changes, while the
other half is attributed to the ocean response to surface forcing changes [Kuhlbrodt
and Gregory, 2012]. The ocean response is very much dependent on the e�ciency of
the transfer of any additional heat from surface to the ocean interior (e.g. Kuhlbrodt
and Gregory, 2012).

There are three main features of strong dynamic sea-level change evident in the
ensemble-mean of CMIP models under doubled CO2 scenario: positives changes
in the Arctic, a dipole of positive/north and negative/south changes in the North
Atlantic, and a similar dipole along the Antarctic Circumpolar Current (ACC) in
the Southern Ocean (e.g. Church et al., 2013). These regions, however, also exhibit
substantial inter-model spread [Bouttes et al., 2012]. In the Southern Ocean, previ-
ous studies indicate that both wind-driven circulation [Bouttes and Gregory, 2014,
Frankcombe et al., 2013, Kuhlbrodt et al., 2015, Lowe and Gregory, 2006, Marshall
et al., 2015, Saenko et al., 2015] and the compensated e↵ect from increased eddy
activity [Böning et al., 2008, Downes and Hogg, 2013, Farneti and Delworth, 2010,
Farneti et al., 2015, Hallberg and Gnanadesikan, 2006] are the main regulators of
ocean heat uptake north of the ACC. The drivers of negative sea-level changes,
relative to the global mean, south of the ACC have had less attention and will be
explored in this chapter.

43
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The ensemble-mean sea-level projections from CMIP5 models show a negative dy-
namic sea-level in the subpolar Southern Ocean; as it is relative the global mean,
this feature can result from decreasing ocean heat content (OHC), from a lower rate
of increased OHC compared to the global mean, or also from increased ocean salin-
ity. The preliminary results from the Flux-Anomaly-Forced Model Intercomparison
Project (FAFMIP) protocol [Gregory et al., 2016] showed reduction of OHC south
of the ACC in the model ensemble-mean, caused by increased and poleward shift of
the Westerlies, and a lower rate of OHC increase compared to the global mean due
to positive surface heat flux anomalies. A decrease in OHC would only be caused
in this region by increase in surface heat loss, strengthening of the ventilation of
the deep ocean and increase in the rate of Antarctic Bottom Water (AABW) for-
mation. AABW, the densest water mass of the global ocean, is formed through
mixing of Antarctic shelf waters with deep waters that originated in the Northern
Hemisphere; it then sinks along the shelf slope and is transported northward as
the abyssal component of the Meridional Overturning Circulation (MOC), filling
approximately 58% of the global ocean [Johnson, 2008]. Changes in the Westerlies
have been associated with increase in convection in the subpolar Southern Ocean
[Frankcombe et al., 2013, Kuhlbrodt et al., 2015]. On the other hand, model simula-
tions forced by changes in surface flux (not only winds) generally indicate cessation
in convection and AABW formation, associated with an increase of surface fresh-
water input [de Lavergne et al., 2014, Gregory, 2000, Palter et al., 2013].

The observed changes in AABW during the past decades indicate a di↵erent trend.
Several studies have shown either warming and/or freshening of bottom water prop-
erties and decreases in density (e.g. Rintoul, 2007; Kerr et al., 2009a; Purkey and
Johnson, 2010; Fahrbach et al., 2011; Azaneu et al., 2013; Durack et al., 2014).
However, more recent studies revealed that these trends can be stabilising or even
recovering in recent years [Abrahamsen et al., 2019], and that these trends in con-
vection are actually part of natural climate variability [Zhang et al., 2019]. Based
on satellite observations, interannual variability of sea-ice production (a proxy for
dense shelf water formation, a precursor of AABW) in various coastal polynyas have
shown a non-coherent signal, with a positive trend at some polynyas (e.g. Barrier,
Amundsen and Bellinghausen polynyas), negative trend in others (e.g. Cape Darn-
ley, Mertz Glacier) [Tamura et al., 2016], and some others with conflicted results
(e.g. Ross Sea) [Comiso et al., 2011, Drucker et al., 2011]. Models with su�cient
resolution to resolve coastal polynyas indicated that surface warming and increased
precipitation reduce the export of dense shelf waters [Marsland et al., 2007a]. In
addition to trend di↵erences in observations and models, a well-known deficiency in
climate models is the formation of AABW through deep convection at open ocean
polynyas rather than on the Antarctic continental shelf, as observed [Aguiar et al.,
2017, Azaneu et al., 2014, Heuzé et al., 2013, 2015a]. Large open ocean polynyas
are rarely observed in the real ocean. While small open ocean polynyas have been
observed throughout the 20th century [Comiso and Gordon, 1987], a large Weddell
Polynya (250 000 km2) was observed in the Weddell Sea over three consecutive win-
ters in the 1970s [Carsey, 1980, Zwally and Gloersen, 1977], but it took around four
decades to occur again, with a size about one-third of the 1970s polynya [Campbell
et al., 2019].
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To gain insights on how the subpolar Southern Ocean respond to changes in terms of
heat transport and watermass properties, in response to combined and individually
forced heat, freshwater and momentum (wind) flux perturbations representative
of a 2xCO2 scenario, we forced an ocean-sea ice model with perturbations from
the Flux-Anomaly-Forced Model Intercomparison Project (FAFMIP). This paper is
structured as follows. An overview of the ocean-sea ice model, surface forcing, ex-
perimental design and tracer budget approach are described in Section 4.2. Changes
in ocean heat content, watermass properties, and the MOC are presented in Section
4.3. A process-based analysis of the changes and proposed mechanisms are pre-
sented in Section 4.4. Results are discussed in context of previous work in Section
4.5, followed by conclusions presented in Section 4.6.

4.2 Methods

The ocean-sea ice model used for this study is the Australian Community Climate
and Earth System Simulator (ACCESS-OM2, Kiss et al., 2020). Model configu-
ration is as described in Dias et al. [2020], which was the baseline to branch o↵
a set of idealised climate change experiments using FAFMIP perturbations. The
only di↵erence in the configuration is the treatment for sea surface salinity (SSS)
restoring, as explained in Section 4.2.1. ACCESS-OM2 was brought to a quasi-
steady state by a 1000-year spin-up using a climatological atmospheric state from
JRA55-do repeated year (1984-1985) forcing (Tsujino et al., 2018; Stewart et al.,
2020). Anomalies in momentum, heat and freshwater surface fluxes were obtained
from years 61-80 (centred around the year 70, when CO2 concentration is double its
pre-industrial value) of CMIP5 1pctCO2 experiments as described in Gregory et al.
[2016] and applied to the ocean surface, in addition to the JRA55-do climatological
forcing. Experiments included individual FAFMIP perturbations (namelly faf-heat,
faf-stress and faf-water) and a combination of individual changes (faf-all).

The surface momentum, heat, and freshwater flux perturbations are shown in Fig-
ure 4.1. An intensification and poleward shift of the Westerly winds dominates the
momentum perturbation. Heat flux anomalies are positive in the Southern Ocean
and strongly positive in the North Atlantic subpolar region. Over the ocean, the
freshwater perturbation is basically an intensification of the water cycle (precipi-
tation and evaporation), and although positive freshwater flux (FWF) is added in
high-latitude regions, it is important to highlight that CMIP5 models used to obtain
FAFMIP fluxes do not include ice sheet melting.

4.2.1 Experimental design for FAFMIP-OGCM experiments

The control and FAFMIP experiments were branched o↵ from the spin-up simula-
tion at year 1001. The control run was used to remove any remaining model drift
[Hobbs et al., 2016a, Sen Gupta et al., 2013] and has the same configuration as the
spin-up, except for the surface salinity restoring, as explained below. The FAFMIP
flux perturbations are monthly means (with seasonal cycle) and were held constant
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for 80 years using a flux adjustment method that only perturbs the ocean surface
balance, with no direct e↵ect on the sea-ice model.

faf-water

Most OGCMs apply an SSS restoring towards climatology, which is required to avoid
unrealistic model salinity drifts [Danabasoglu et al., 2014]. For this reason, it is more
di�cult to add a clean freshwater perturbation in OGCMs than in AOGCMs. Tests
with ACCESS-OM2 revealed that, if the salinity restoring remains active, the ocean
does not feel the entire freshwater perturbation (not shown). As the ocean state
is modified in response to the perturbation, the di↵erence between simulated and
climatological SSS, used to calculate the restoring, also changes.

An ideal approach for the application of the freshwater perturbation in OGCMs
would reduce the salinity restoring flux. One option is to switch the model forcing
from bulk-formulae to flux form, as used in Zika et al. [2018] and more recently in
Todd et al. (submitted). In this method, the buoyancy fluxes are obtained from a
control run (either from an OGCM or AOGCM simulation), and then prescribed
to the model, without the requirement of calculate the fluxes through the bulk for-
mulae. While the fluxes are known, this approach implies that the sea-ice model
is inactive (and imposed sea ice-ocean fluxes represents a control state). For sim-
plicity, we decided to keep the bulk formulae and sea-ice model unaltered and to
only deactivate the salinity restoring — the evolution of the sea-ice is shown to be
important for the sSO response (see Section 4.3). We obtained 6-hourly surface salt
fluxes due to SSS restoring from the spin-up run (but further extended for 80 years
to match the control and FAFMIP simulations period). We then applied these fluxes
in our control run. Results show a good agreement between the control run without
restoring and the extended period of the spin-up run. By the end of the 80-year
simulations, the global metrics show an increase of 0.01�C in the globally and depth-
integrated temperature, a decrease in globally-integrated surface salinity of 0.02 psu,
and a decrease of 2 Sv (from 14 to 12 Sv) in the North Atlantic Deep Water over-
turning transport at 45�N. Di↵erences in other global metrics were too small to be
noted here. Due to the relatively stable simulation without salinity restoring we con-
sider this experiment as our control run. For faf-water, this approach permits us to
apply the freshwater perturbation without any interference due to salinity restoring.

faf-stress

For the momentum flux perturbation, both the zonal and meridional wind-stress
components were applied to the ocean surface. The FAFMIP protocol [Gregory
et al., 2016] specifies that the perturbation should be applied to the ocean surface
only (not in the sea-ice) and changes in the momentum surface fluxes should not
interfere in the turbulent mixing scheme. This required changes in the MOM5 code
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[Gri�es and Greatbatch, 2012] 1.

faf-heat

The FAFMIP heat flux perturbation is applied in ACCESS-OM2 using the Method
B described in Bouttes and Gregory [2014] and Gregory et al. [2016]. This method
required modifications in the MOM source code to include two new tracers, the
added (TA) and redistributed (TR) temperatures 2. Following the designed method-
ology, the added temperature is a passive tracer that is only a↵ected by the FAFMIP
heat flux perturbation (F ), and the redistributed heat tracer is only a↵ected by the
climatological forcing from JRA55-do (Q). The redistributed temperature also pro-
vides the sea surface temperature (SST) field for the bulk formulae calculations
instead of the prognostic temperature (✓), to avoid the negative feedback that oc-
curs when a heat flux perturbation is applied to the SST, which can modify the
net surface heat flux that enters the ocean surface. However, this method of using
the bulk formulae allows for feedbacks due to the ocean circulation changes (TR

uses the same velocity field as ✓), which can be significant in some regions as seen
in FAFMIP-AOGCMs [Gregory et al., 2016] and even larger in OGCMs where the
surface air temperature is held constant.

The FAFMIP-protocol was designed specifically for fully-coupled climate models,
and although a protocol for OGCMs (such as ACCESS-OM2) is under development
(Jonathan Gregory and Alexander Todd, personal communication), in our design
we only made changes regarding the salinity restoring. We added the FAFMIP heat
flux perturbation to the control forcing (JRA55-do) without any other change in
the model forcing. As specified by the FAFMIP protocol, the flux perturbation
is applied only in the ocean surface, and so does not a↵ect the sea-ice component
directly. As adopted for GFDL-ESM2M FAFMIP simulations (also MOM5 based),
our implementation accounts separately for the frazil formation due to ✓ and TR,
meaning that the net heat flux applied to these tracers are not exactly equal. This
approach, however, prevents the prognostic temperature from falling below freezing
point, so that no modification to the equation of state is necessary [Gregory et al.,
2016].

The use of OGCM with prescribed atmospheric forcing has advantages and disad-
vantages compared with fully-coupled simulation. In AOGCMs, the atmosphere is
free to evolve due to changes in the ocean surface, which is part of many impor-
tant atmosphere-ocean feedbacks, such as Bjerknes-Wyrtki [Bjerknes, 1969, Wyrtki,
1975], wind-evaporation-SST [Xie and Philander, 1994], water vapor [Miller and
Jiang, 1996] and cloud feedbacks. These feedbacks are not represented in ocean-
only simulations. At high-latitudes, a weakening of the AMOC is expected to cause
lower surface temperature, which can enhance the positive heat flux perturbation
via a positive atmosphere-ocean feedback [Gregory et al., 2016]. In a recent study

1
https://github.com/mom-ocean/MOM5/pull/286

2
https://github.com/mom-ocean/MOM5/issues/199
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comparing FAFMIP experiments with both OGCMs and AOGCMs, Todd et al.
[2020] (submitted) found that the positive feedback in the North Atlantic causes
10% more AMOC weakening in AOGCMs in comparison with OGCM simulations;
however, the atmosphere-ocean feedback was not found to be significant in the
Southern Ocean.

4.2.2 Ocean heat budget

The contribution to ocean heat transport from individual physical processes is rep-
resented by the temperature equation:

Cp ⇢0
@(⇥ dz)

@t
= �rz · F� �kF

z (4.1)

This approach allows the contribution from individual processes (F, RHS of equation
4.1) to the time change in ocean heat content (LHS) to be determined. Here, ⇥ is
conservative temperature, ⇢0 is a reference density (1035 kg.m�3) and Cp is heat
capacity of sea water (3992 J kg�1 �C). The individual contributions to the heat
budget include the surface fluxes (SFC ) and oceanic processes such as dianeutral
(across neutral surfaces) di↵usion (DIA), advection (ADV ), mesoscale eddy-related
transports (EIT ), boundary layer physics including submesoscale eddies (SUB),
convection (CON ), penetration of shortwave radiation (SWP), and a non-local K-
Profile Parameterisation term (KPP , following Large et al., 1994), frazil formation
(FRZ ) and heat exchange related to watermass transfer from precipitation-minus-
evaporation (PME ) and river runo↵ (RIV ):

F = SFC + ADV +DIA+KPP + SWP + EIT + SUB + CON + PME + RIV

+FRZ (4.2)

A detailed description of the processes in F and their role in the mean state are
presented in Dias et al. [2020] and Chapter 3.

4.3 Ocean Heat Content changes

The response of the subpolar Southern Ocean (sSO) is firstly evaluated in terms of
depth-integrated ocean heat content (OHC) and zonal-mean temperature anomalies
(Figure 4.2). Each forcing perturbation make a significant contribution. Intensifi-
cation and poleward migration of the Westerlies (faf-stress, Figure 4.2a) causes a
decrease in OHC, while OHC increases due to reduction of surface heat loss (faf-
heat, Figure 4.2c) and positive freshwater anomaly (faf-water, Figure 4.2e). These
responses are similar to those obtained by the ensemble-mean AOGCMs-FAFMIP
in Gregory et al. [2016] (see their Figures 7 and 9). The largest cooling in faf-stress
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is located in the Weddell Sea, followed by cooling in the Ross and Amundsen Seas.
It is worth noting that the spatial distribution of the extra cooling shows cold water
extending equar-ward, indicating paths of export of cold water into the Atlantic
and Pacific sectors. Increases in OHC in faf-heat and faf-water are also larger in
the Weddell Sea. The zonal mean temperature anomalies (Figure 4.2, right col-
umn) show that the cooling of the sSO in the faf-stress simulation extends to the
ocean bottom and is transported northward, while the temperature changes due to
heat and freshwater flux perturbations are somewhat weaker. The response in the
faf-all experiment approximates the sum of individual responses (with small contri-
bution from non-linear interactions, not shown), where the cooling from faf-stress
dominates over the warming from faf-heat and faf-water, especially in open ocean
regions. OHC increases over the shelf in faf-all suggests that heat and freshwater
forcing dominates there (Figures 4.2b and 4.2h), however, the spatial pattern here is
actually dependent on the time interval chosen, as the processes that cause cooling
have significant interannual and decadal variability over the course of the experi-
ment (see below the analysis for Figure 4.5). The subsurface cooling in the polar
region (Figure 4.2h) results from the advection of bottom water originated in the
previous years — the Weddell Polynya occurred between years 41–65 and gradually
decrease afterward (not shown).

The OHC changes described above have a strong connection with the mechanisms
of AABW formation in ACCESS-OM2. Our model, similar to several other cli-
mate/ocean models, show events of large open-ocean polynyas in the Southern Ocean
in the mean state (control run), especially associated with the Weddell and Ross
Gyres [Dias et al., 2020] and Chapter 3. Within the modelled polynyas, low sea-ice
concentration allows exchange of heat between the relatively warm and salty deep
waters (upwelled in the Antarctic Divergence) with the cold overlying atmosphere.
This exchange drives heat out of the ocean, which triggers deep convection (see
Section 4.4) - resulting in very deep mixed layers (Figure 4.3a, b). Deep convection
in the real ocean is rarely observed [Campbell et al., 2019, Gordon and Comiso,
1988, Zwally and Gloersen, 1977], but common in many large-scale climate (ocean)
models, where deep convection in the open ocean is the main mechanism of AABW
formation [Heuzé et al., 2015a]. In response to changes in winds, the sea-ice cover
decreases at most regions and causes expansion and deepening of the mixed layers
(Figure 4.3c, d). In contrast, the faf-heat and faf-water exhibit opposite response
in comparison with faf-stress and cause increasing of sea ice and strong reduction
of the open ocean polynyas and associated mixed layers (Figure 4.3e, f, g, h). As
result of combined surface flux perturbations, faf-all shows significant sea ice reduc-
tion and expansion of the Ross and Weddell Polynyas (Figure 4.3i, j), indicating a
stronger e↵ect from wind changes.

Although climate/ocean models have a limited representation of the complex mech-
anisms of AABW formation over the shelf, they can still have a good representation
of the bottom water properties [Heuzé et al., 2013]. As with every model, biases are
expected and that will reflect on the watermass structures. The temperature-salinity
(✓-S) diagrams (Figure 4.4, black “x”) for ACCESS-OM2 have a satisfactory rep-
resentation of most of the Southern Ocean watermasses. The Weddell Sea Bottom
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Water (WSBW, Figure 4.4a, c) and the Ross Sea Bottom Water (RSBW, Figure
4.4b, d) are the main branches of AABW, with temperatures below 0�C and salin-
ity larger than 34.5, localised at depths greater than 3000 m. These watermasses
result from the mixing between shelf waters and deep waters (✓ > 0�C and S >

34.6, Warm Deep Water/WDW and Modified Warm Deep Water/MWDW), iden-
tified as the warmer and saltier properties in Figure 4.4). Although shelf waters
are not expected to be well represented given the model resolution (nominal 1�, but
with a Mercator refinement over the Southern Ocean), results indicated that waters
with temperature near freezing point have either high salinity concentration (S >

34.7) or very low salt content (S < 34). Further investigation revealed these water
are indeed over the Antarctic Shelf (not shown), and are the model representation
of High Salinity Shelf Water (HSSW) and Winter Water (WW). While HSSW is
actively mixed with deep water to form AABW, WW is a precursor of Antarctic
Surface Waters, which mix with WDW to create MWDW.

These watermass properties are sensitive to the FAFMIP perturbations. In faf-
stress, HSSW salinity increases in both the Weddell and Ross Seas, resulting in
denser, colder and saltier AABW (green circles in Figure 4.4). Opposite response
occurs in faf-water (blue circles in Figure 4.4), where HSSW salinity decreases, re-
sulting in lighter waters at depth, in both the Weddell and Ross regions. The faf-heat
response is an overall warming (red circles in Figure 4.4); however, the HSSW and
AABW properties in the Ross Sea are fairly similar to the control run (red circles
are mostly hidden by the black “x”). In the Weddell Sea, the HSSW is clearly
warmer than in the control run (changes in the Ross Sea due to faf-heat are less
significant), although changes in density are not substantial due to the dominant
salinity e↵ect on density at this latitude. The faf-all experiment has a response in
✓-S space in-between the faf-stress and faf-heat space (Figure 4.4, magenta circles).
In comparison with the control run, water properties are warmer, likely associated
with the response to the heat flux perturbation, but also saltier, similarly to seem
in the wind stress experiment, resulting in a denser HSSW than in the mean state.

Results in terms of the AABW response are summarised by the maximum global
MOC northward transport south of 60�S and below 500 m (Figure 4.5). In general,
the MOC transport is larger in faf-stress than in the control run, reflecting an inten-
sification of AABW formation and export through the abyssal oceans (see Figure
4.2b) - although it shows strong temporal variability. In faf-water, the transport
gradually decreases throughout the simulation, while the changes in faf-heat are
generally minor. The net response in faf-all follows the MOC intensification as in
faf-stress, but it is strongly attenuated by the e↵ect of the freshwater perturbation.
The MOC’s response south of 60� in faf-stress and faf-all shows strong inter-decadal
variability: formation of AABW increases in the first 20 years, followed by a decrease
over the subsequent 20-25 years, and again strengthening in the final 35 years. This
variability relates to cycles of expansion and reduction in the open ocean polynyas,
although the Weddell and Ross polynyas do not intensify and reduce simultaneosly:
the Weddell Polynya responds first then the Ross Polynya, and the lag between
these is around 10 years (not shown).
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4.4 Process-based Analysis

In this section we evaluate the drivers of OHC changes through a heat budget anal-
ysis. In steady state, the vertical ocean heat and salt transports generally exhibit
a global balance between distinct processes presented in Equation 4.2. While pre-
vious studies showed that the large-scale advection and mesoscale eddy-induced
transport are the main processes of this global balance [Banks and Gregory, 2006,
Gregory, 2000, Gri�es et al., 2015a, Kuhlbrodt et al., 2015], a recent study showed
that the combination of large and mesoscale processes, as a super-residual transport
(SRT = ADV +EIT ), provides a di↵erent perspective on the heat and salt budgets
(Dias et al., 2020; Chapter 3). This framework elucidates the connection between
the super-residual transport with regions of watermass formation (in deep mixed
layers) and recirculation (in the ocean interior), and will be used in this study to
evaluate changes in AABW formation and transport.

Negative surface buoyancy forcing in deep mixed layers results in cooling by bound-
ary layer processes (mixing, convection and submesoscale eddies), which e↵ectively
forms dense waters. As shown in Dias et al. [2020] and Chapter 3, the SRT has
a warming e↵ect at these deep mixed layers, therefore counter-balancing boundary
layer processes, translating into transport of newly formed waters away from the
formation region. Underneath these deep mixed layers, the SRT has opposite con-
tribution, transporting cold waters down and equatorward - where it is balanced by
warming from small-scale dianeutral mixing, in analogy to the classical advective-
di↵usive balance [Munk, 1966, Stommel and Arons, 1960].

4.4.1 Ocean Heat Transport

We focus on the role of the SRT to interpret the results of the ocean heat and salt
budgets. In the control run (averaged over the entire simulation, years 1-80), the
sSO (south of 60�S) cools in most Southern Ocean sectors (Figure 4.6a-d). In the
Atlantic and West Pacific regions, low temperatures (see the contours of -0.5 and
-1�C in Figure 4.6a-d) are associated with formation of AABW in the Weddell and
Ross Seas, where upward heat fluxes (cooling) from boundary layer processes occur:
convection (CON ), nonlocal KPP and submesoscale eddies (SUB), as shown in Fig-
ure 4.6e, g (we will refer to this as convection hereafter for simplicity, as it is the
dominant component). While these regions exhibit large open ocean polynyas and
deep mixed layers (Figure 4.3a), these boundary layer processes are strong adjacent
to the shelf break in the Weddell Sea, indicating that shelf processes also drive bot-
tom water formation processes. Lago and England [2019] estimated, in a similar but
previous version of ACCESS-OM, that AABW formation is 44% due to open ocean
convection and 56% due to shelf convection. Dianeutral mixing (DIA) also generally
cools these regions but is less important (Figure 4.6i-l). Locally counter-balance the
cooling from boundary layer processes and DIA, the SRT transports heat downward
(warming) (Figure 4.6m-p).
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The role of the SRT is to remove newly formed bottom waters from the formation
region and transport them equatorward along isopycnal layers in the ocean inte-
rior [Dias et al., 2020] and Chapter 3. This is reflected in opposing e↵ect of the
SRT at the mixed layer and ocean interior regimes. As suggested by the classical
advective-di↵usive theory, upward heat flux from SRT (considered as the “advec-
tive” component) in the ocean interior is balanced by downward heat fluxes from
(DIA) (see Figure 4.6i, m around 4000 m and north of 60�S). While the CON -SRT
balance in deep mixed layers represents watermass formation, the DIA-SRT balance
relates to the recirculation and erosion of bottom waters, by the slow mixing with
the warmer and saltier deep waters sitting above. The Atlantic and Indian sectors
appear to lead the export of AABW (Figure 4.6m, n, below 4000 m), although it
does occur, with less intensity, in other basins (Figure 4.6o, p).

Strengthening and poleward shift of the Westerlies in the faf-stress experiment pro-
duces strong cooling at the sSO (Figure 4.7). Upward heat flux from CON in deep
mixed layers increases in all sectors, even in the East Pacific, where no convection
occurs in the control simulation (Figure 4.6). Upward fluxes from DIA also increase,
especially in the Weddell Gyre, from below the surface to 2000 m. Here, it seems
that CON transports cold water to depths below 2000 m, warming the layer be-
tween 250-1000 m. DIA erodes this feature by warming below 2000 m and cooling
above. The SRT has a similar e↵ect as in the control state, counterbalancing CON
and DIA locally and spreading cold water equatorward of 60�S. In contrast with the
control state, where most of the export of AABW seems to happen in the Atlantic
and Indian sectors, northward transport of bottom water is stronger in the East
Pacific sector, although all basins make a substantial contribution.

The response to the positive heat fluxes (faf-heat) and increased freshwater flux
(faf-water) anomalies around the Southern Ocean is opposite to the changes from
faf-stress (Figures 4.8 and 4.9). Both convection and SRT reduce their respective
upward and downward heat fluxes seen in the control state (Figure 4.6e-h, m-p),
which means that most of the dense water formation has ceased. The slowdown of
convection is mostly restricted to the Weddell Sea in faf-heat, while convection is
also reduced in the Ross Sea in faf-water. Below and poleward of the deep mixed
layer, the SRT transfers warm anomalies along the ocean bottom towards low lati-
tudes. For the region south of 60�S investigated here, the ocean response to faf-water
and faf-heat is fairly similar, with a slightly larger response to freshwater anomalies
(Figures 4.8 and 4.9e, g).

In faf-all (Figures4.10), the cooling response from faf-stress dominates the warming
e↵ect from faf-heat and faf-water (Figure 4.2d). The response, however, is not con-
stant during the simulation (as shown in Figure 4.5). The cycles of intensification
and reduction of the MOC transport (and expansion and contraction of the open
ocean polynyas) impact also the heat budget analyses, with net cooling or warm-
ing dependent on the time interval chosen for average the budget diagnostics (not
shown). The analysis shown below are the average over the whole 80-year simulation.
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4.4.2 Surface Heat and Freshwater Fluxes

The air-sea exchange is diagnosed using the net surface heat, freshwater, and salt
fluxes. At high-latitudes, however, the presence of sea-ice in wintertime inhibits in-
teraction between the ocean surface and the atmosphere. In the mean state (control
run), surface heat loss occurs over most of the sSO region. The surface freshwater
flux (FWF), which also includes the salt fluxes converted to equivalent freshwater
fluxes, is dominated by the sea-ice component in ACCESS-OM2, with secondary
contribution from PME (Dias et al., 2020; Chapter 3); this model, however, does
not include ice sheets, calving or icebergs. On the Antarctic continental shelf, neg-
ative FWF occurs due to the positive salt input associated with brine rejection by
sea-ice formation during autumn and winter. In contrast, near the marginal sea-ice
zone, sea-ice melting dominates the positive FWF during warmer months (Figure
4.11b).

While the momentum perturbation does not directly a↵ect OHC, it can modify the
surface fluxes due to changes in ocean circulation - the redistributed or active com-
ponent of ocean heat uptake (e.g. Banks and Gregory, 2006; Xie and Vallis, 2012).
As changes in the circulation redistribute the unperturbed temperature field, the
di↵erences in surface temperature in the control and perturbed state will impact
the amount of heat being exchanged at the surface [Garuba and Klinger, 2016]. In
the sSO, the decrease of sea-ice coverage in faf-stress, associated with the expansion
of the open-ocean polynyas (Figure 4.3d), allows an increase in air-sea exchange. In
the Weddell and Ross Gyres, the surface heat loss in faf-stress is larger than in the
control run (Figure 4.11a, c). In contrast, decrease of surface heat loss occurs over
the shelf in the Weddell and Ross Seas, which is a result of the increased sea-ice con-
centration over these shallow areas (Figure 4.3d) that can increase brine rejection.
The surface FWF shows a distinct regional distribution (Figure 4.11d). Positive
freshwater anomalies are found on the west side of the Weddell and Ross gyres,
where sea-ice concentration decreases (Figure 4.3d), likely caused by strengthening
of sea-ice melting in summer and reduction of sea-ice formation in winter (less brine
rejection in open ocean polynyas). On the Antarctic shelf, negative FWF anomalies
are found in the Weddell Sea (west of 20�W), where sea-ice increases, and positive
FWF occurs in patches from 25�W to 70�E and between 100-150�E where sea-ice
decreases (Figure 4.3d).

The response of the surface heat flux to heat and freshwater perturbations opposes
the response due to momentum perturbation. An increase in sea-ice, especially in
the Weddell Sea, shuts down the open ocean polynya and greatly reduces the sur-
face heat loss (Figure 4.11e, g). In general, the addition of freshwater in faf-water
(see Figure 2c in Gregory et al., 2016) causes positive FWF anomaly in open ocean
regions, while the Antarctic shelf has either positive or negative anomalies depend-
ing on the region (Figure 4.11h). Local changes in the surface FWF in faf-heat are
smaller (Figure 4.11f). While the anomalous surface heat flux in faf-all is domi-
nated by the faf-stress e↵ect in the sSO, the anomalous surface FWF in faf-all is
controlled by the the impact from faf-water (Figure 4.11j), except for the Weddell
Gyre where the changes are due to faf-stress.
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Summarising these results, our ocean heat budget analyses explain quantitatively
the changes in OHC, watermass properties and MOC transport shown in Section
4.3. Ice-free regions, where a large parts of the AABW originate, expand due to the
wind perturbation (Figure 4.3d, j), increasing the ocean surface heat loss (Figure
4.11c) and causing ocean cooling down to depths below 4000 m, both in open ocean
areas and near the Antarctic shelf break (see Figure 4.7e, f, g). Ocean cooling is
driven by intensification of mixing processes in the boundary layer, such as con-
vection, nonlocal KPP , submesoscale eddies and dianeutral mixing. This cooling
e↵ect is associated with AABW formation, which substantially increases in faf-stress
and faf-all (Figure 4.5). In agreement, a watermass analysis shows a densification
of AABW, where high salinity waters over the shelf (the model representation of
HSSW) become more saline, forming denser AABW (Figure 4.4c, d, i, j). In con-
trast, the heat and freshwater perturbations reduce ice-free regions (Figure 4.3f, h),
surface heat loss (Figure 4.11e, g) and ocean processes in the boundary layer that
play a role in AABW formation (Figures 4.8 and 4.9e, g).

The super-residual framework presented in Dias et al. [2020] and Chapter 3 and
applied to the budget analysis have proved useful to identify in which sectors of the
Southern Ocean the AABW is formed and exported. The ocean cooling from bound-
ary layer processes is locally balanced by warming from the SRT, which transfers
bottom water from the formation regions (deep mixed layers) to the abyssal ocean.
In faf-stress, where AABW formation increases substantially, the export of AABW
occurs in all sectors of the Southern Ocean (Figure 4.7m-p). In the experiments
where AABW formation decreases (faf-heat and faf-water), the SRT drives warm
anomalies in the ocean interior (equatorward of 60�S and around 4000 m, Figures
4.8 and 4.9m-p), especially in the Atlantic sector where most of the AABW export
occurs in the control state (Figure 4.6m).

4.5 Discussion

The response of the subpolar Southern Ocean to changes in the surface forcing
representative of a 2xCO2 scenario was investigated using an ocean-sea ice model.
Perturbations of momentum, heat and freshwater fluxes were obtained from ide-
alised climate change scenarios based on CMIP5 models under 1pctCO2 simulations
[Gregory et al., 2016], and were applied individually and combined to explore their
relative contribution. It was found that the poleward shift and intensification of
the Westerlies drives strong cooling, partially compensated by a warming e↵ect due
to positive surface heat and freshwater flux perturbations. As the magnitude of
individual flux anomalies comes directly from a CMIP5 ensemble mean, their rel-
ative contribution is a meaningful statement. Results from ACCESS-OM2, which
has similar configuration to the ACCESS coupled model contribution to CMIP6
(ACCESS-CM2, Bi et al., in prep.), indicates that sea-ice changes have a key role
in the sSO response through variations in the ice-free areas, especially in the major
open ocean polynyas in the Weddell and Ross Seas.
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The physical explanation for how sea-ice drives ocean heat content changes in the
sSO is as follows. In the scenario where increased and poleward shifted winds de-
crease sea-ice cover, deep convection strengthens. In the scenario where positives
anomalies of surface heat and freshwater are added to the Southern Ocean, sea-ice
cover expands and deep convection reduces, largely consistent with prior results (e.g
Marsland and Wol↵, 2001). In summary, processes that enhance deep convection
(e.g. winds) lead to cooling (OHC decrease), and processes that stratify the ocean
(heat and FW input) inhibit deep convection and lead to a build-up of heat below
the surface.

The response of the sSO to changes in surface forcing has important climate impli-
cations. The lower branch of the global MOC is a result of the upwelling of Circum-
polar Deep Water in the divergence zone around Antarctica, that becomes denser
and sinks to the abyssal ocean as AABW. In general, studies of a CO2-perturbed
climate have associated surface warming and/or freshening with decreases in convec-
tion and a slow down in the abyssal cell [Bi, 2002, de Lavergne et al., 2014, Exarchou
et al., 2015, Gregory, 2000, Huang et al., 2003b, Manabe et al., 1990]. Nonetheless,
studies that investigated the separate e↵ect of the wind changes (strengthening and
southward migration of the Westerlies) in ocean heat uptake and sea level have
shown that cooling and sea level fall occur near Antarctica [Bouttes et al., 2012,
Frankcombe et al., 2013, Kuhlbrodt et al., 2015]. Frankcombe et al. [2013] investi-
gated the separated e↵ect of the poleward shift and the strengthening in Westerlies
and found that the former is responsible for ocean heat loss near the Antarctic coast
due to a change in the sea surface slope across the ACC, while the latter results in
a moderate increase of ocean heat uptake.

Importantly, these results are based on ocean-only simulations and might di↵er
from fully-coupled model response. While our model has a prescribed atmosphere
based on JRA55-do, which and induces ocean heat loss at the sSO (Figure 4.2),
an AOGCM can evolve their atmosphere freely. While atmosphere-ocean feedbacks
have been found to be relevant in the North Atlantic (Gregory et al. 2016, Todd
et al. submitted), it is not expected to play a significant role in the Southern Ocean
(Todd et al. submitted).

Although a strengthening of the lower branch of the MOC due to wind changes
has been found in some studies, the fact that strengthening due to wind forcing
dominates the weakening of MOC transport in response to freshwater and heat flux
perturbations is somewhat surprising. Trends in AABW from observations in the
last decades have shown a warming and density reduction in the Atlantic and Pa-
cific sectors [Coles et al., 1996, Johnson et al., 2007, Purkey and Johnson, 2010], as
well as freshening and density decrease in the Australian-Antarctic basin and in the
Weddell and Amundsen Seas [Bindo↵ and Hobbs, 2013, Dotto et al., 2016, Hellmer
et al., 2011, Jullion et al., 2013, Rintoul, 2007]. Recent observations indicate that
these trends may be currently stabilising or even recovering [Abrahamsen et al.,
2019, Kerr et al., 2018]. Analyses of the CMIP5 models under increased radiative
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forcing presented in Sallée et al. [2013] show an increase in salinity and density
in the AABW, although the representation of bottom waters have a large spread
among models. Also analysing CMIP5 models, Heuzé et al. [2015a] found a warm-
ing trend in the Southern Ocean bottom layer, but the bottom salinity response has
less agreement among models. In our results, cooling and increase of salinity and
density of the AABW is a response to decrease of the winter sea-ice, allowing larger
surface heat loss and deep convection in the open ocean polynyas, a fundamental
mechanism of AABW formation in our and many other models [Heuzé et al., 2013].

The spread of Antarctic Bottom Waters projections could be linked to the mecha-
nisms of AABW formation. The formation of AABW through deep convection in
open-ocean polynyas has been observed in the past [Killworth, 1983], although it is
relatively rare nowadays. A large Weddell polynya event (up to 250,000 km

2) was
registered during three consecutive winters between 1974-76 [Carsey, 1980, Gordon
and Comiso, 1988, Zwally and Gloersen, 1977], and only in recent years (2016-2017)
a relatively large open-ocean polynya (80,000 km

2) above the Maud Rise has been
observed again [Campbell et al., 2019]. A more realistic description of AABW for-
mation involves mixing of High-Salinity Shelf Waters, a product of brine rejection
during sea-ice formation on the Antarctic continental shelf, and Circumpolar Deep
Waters flowing southward and upwelling in the Southern Ocean [Carmack and Fos-
ter, 1975, Foster and Carmack, 1976], particularly stronger in the Antarctic coastal
polynyas (e.g. Marsland et al., 2007a; Tamura et al., 2008; Kusahara et al., 2017).
Alternatively, Ice Shelf Waters (ISW) is formed from sub ice-shelf meting and can
be mixed with HSSW, and then it flows downslope while mix with CDW [Foldvik
et al., 1985]. These small-scale processes need adequate resolution to resolve local
variations in the continental shelf and ice shelf cavities and are usually not well rep-
resented in global climate models [Heuzé et al., 2013] and ocean reanalyses [Aguiar
et al., 2017, Azaneu et al., 2013, 2014].

Given that many climate and ocean models form AABW through deep convection in
open ocean polynyas in the subpolar gyres of the Southern Ocean rather than over
the continental shelf, the real ocean, with less open convection, may respond di↵er-
ently to similar flux anomalies. Nevertheless, the take home message still stands:
processes that increase convection and AABW formation will cool the deep ocean,
independent of where they occur; while processes that increase stratification will
reduce venting of heat from CDW. Results from models vary in terms of bottom
water response. de Lavergne et al. [2014] suggested cessation of deep convection in
either convective or non-convective models. Analyses of CMIP5 models suggested
increasing in salinity and density of bottom waters [Meijers, 2014, Sallée et al., 2013]
— although they have a significant spread in AABW response [Heuzé et al., 2015a].
CMIP5 models (and therefore the FAFMIP perturbations used in this study) do not
include ice shelf and ice sheet melting, which can underestimate the impact of the
freshwater fluxes. The impact of Antarctic meltwater due to drifting icebergs and
basal melting can strongly slowdown AABW formation [Lago and England, 2019].
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4.6 Conclusions

Our results indicate that the large uncertainty in sea-level projections over the sub-
polar Southern Ocean could be associated with the model representation of AABW
and how the mechanisms of AABW formation respond to changes in the surface
forcing. Model simulations under the Flux-Anomaly-Forced Model Intercomparison
Project, using flux anomalies from an ensemble of CMIP5 models under a 2xCO2
scenario, revealed a dominant role of wind forcing changes, which causes ice-free
regions in the Weddell and Ross Gyres to expand and increases the air-sea interac-
tion and deep convection that forms AABW. The heat and freshwater perturbations
partially compensate the dominant role of the wind perturbation. The response is
not linear, with both the Weddell and Ross polynyas presenting large inter-decadal
variability over the 80-year simulation. The findings here are a relevant baseline
for future model intercomparisons on how the lower branch of the Meridional Over-
turning Circulation responds to future changes in the surface fluxes.

The findings presented here identify a possible source of the large spread in projec-
tions of Antarctic Bottom Water and the Meridional Overturning Circulation. The
key feature of the subpolar Southern Ocean response to changes in surface fluxes
are the open ocean polynyas in the Weddell and Ross Gyres, which are significantly
a↵ected by the poleward shift and strengthening of the Westerly winds. Future
model intercomparisons would benefit from focus on how distinct models respond
to the same wind, freshwater and heat flux perturbations, as planned for FAFMIP
in CMIP6. Inclusion of high-resolution models that better represent the fine-scale
processes of AABW formation, also expected in CMIP6, have a potential to repro-
duce a realistic response of AABW, OHC and sea level to changes in forcing under
climate change scenario.
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Figure 4.1: Annual averaged FAFMIP perturbations of (a) momentum (10�3Pa),
(b) heat (W m�2), and (c) freshwater fluxes (10�6 kg m�2 s�1). The global mean
heat/freshwater input is show in the top left corner for (b) and (c).
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Figure 4.2: Time-mean of years 61-80 of the FAFMIP experiments relative to the
control: change in ocean heat content (GJ.m�2, the vertical integral of the change in
the ocean temperature multiplied by the volumetric heat capacity, left column) and
change in zonal-mean temperature (right column): (a, b) faf-stress, (c, d) faf-heat,
(e, f) faf-water, and (g, h) faf-all.
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Figure 4.3: September mean ocean mixed layer depth (m) for years 61-80 (left
column), using a reference density anomaly of 0.003 kg.m�3 relative to the surface
following Downes et al. [2015], and sea-ice concentration with contours of 40, 60
and 80% (right column) for control (a, b) and FAFMIP experiments: faf-stress (c,
d), faf-heat (e, f), faf-water (g, h), and faf-all (i, j). Positive (negative) sea-ice
concentration anomalies are denoted by red (blue) colours in panels (d), (f), (h),
and (j). White boxes in panel (b) define the Ross and Weddell Sea regions used in
the analyses presented in Figure 4.4.



4.6. CONCLUSIONS 61

Figure 4.4: ⇥-S diagrams averaged for years 61-80 in the Weddell Sea (transect at
40�W, left column) and Ross Sea (transect at 175�W, right column) regions, for
continental shelf (a,b, depths shallower than 200 m) and open ocean grid points (c,
d, depths deeper than 200 m). Control run are represented in black “x”, faf-stress in
green circles, faf-heat red circles, faf-water blue circles, and faf-all magenta circles.
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Figure 4.5: Time series of the maximum transport of the global MOC abyssal cell
south of 60�S, below 500 m. Units: Sv (106 m3 s�1) for the control run (black line)
and FAFMIP experiments: faf-heat (red), faf-stress (green), faf-water (blue) and
faf-all (magenta).
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Figure 4.6: Time-mean (years 1-80) ocean heat budget (W.m�2) for the control
experiment, zonally-integrated by sectors: Atlantic, Indian, West Pacific and East
Pacific. Upper row shows the net heat tendency, second row shows processes of
mixed-layer combined (CON , KPP , SUB), third row shows the dianeutral di↵usion
(DIA) and shortwave penetration (SWP), bottom row shows the super-residual
transport (SRT ). Black isotherms show 2� C intervals, green isopycnals show wa-
termasses as defined in Table 4 of Dias et al. [2020].
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Figure 4.7: Time-mean (years 1-80) ocean heat budget (W.m�2) for the faf-stress ex-
periment de-drifted with the control, zonally-integrated by sectors: Atlantic (70�W-
20�E), Indian (20�E-138�E), West Pacific (138�E-130�W) and East Pacific (130�W-
70�W). Upper row shows the net heat tendency, second row shows processes of
mixed-layer combined (CON , KPP , SUB), third row shows the dianeutral di↵usion
(DIA) and shortwave penetration (SWP), bottom row shows the super-residual
transport (SRT ). Black isotherms show 2� C intervals, green isopycnals show wa-
termasses as defined in Table 4 of Dias et al. [2020].
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Figure 4.8: As in Figure 4.7, but for faf-heat experiment.
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Figure 4.9: As in Figure 4.7, but for faf-water experiment.
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Figure 4.10: As in Figure 4.7, but for faf-all experiment.
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Figure 4.11: Time-mean (years 1-80) ocean surface heat (left column, in W.m2)
and freshwater (right column, in 10�5 kg.s�1) fluxes in the (a) and (b) control
experiment; (c) and (d) faf-stress; (e) and (f) faf-heat ; (g) and (h) faf-water ; (i) and
(j) faf-all.



Chapter 5

Ocean heat uptake driven by
redistribution of heat in response to

ocean circulation changes

5.1 Introduction

The ocean plays a central role in the climate system by absorbing 93% of the extra
heat from anthropogenic emissions [Rhein et al., 2013] and mitigating surface warm-
ing [Stocker, 2013]. The observed multidecadal increase in global ocean heat content
(OHC) [Domingues et al., 2008, Meyssignac et al., 2019], however, contributes to
global mean sea level rise through thermal expansion [Cazenave et al., 2018]. Both
ocean warming and sea level rise are projected to continue increasing [Church et al.,
2013, Oppenheimer et al., 2019].

In early conceptual studies, anthropogenic ocean heat storage (OHS) was considered
to be solely a passive process by a time-mean circulation, along isopycnal ventilation
pathways [Church et al., 1991, Jackett et al., 2000]. More recent studies highlight the
importance of changing ocean circulation processes – the redistribution component –
to global OHS and its spatial pattern (e.g. Banks and Gregory, 2006; Xie and Vallis,
2012; Garuba and Klinger, 2016). Heat redistribution has been mostly attributed to
changes in convection and isopycnal mixing at high-latitudes (e.g. Gregory, 2000).
In an idealised Atlantic basin, Xie and Vallis [2012] demonstrated that heat redis-
tribution increases the depth and e�ciency of heat uptake, where slowdown of the
Atlantic meridional overturning circulation (AMOC) causes a colder surface tem-
perature, and results in a redistribution feedback that enhances the positive heat
flux anomaly into the ocean. In a CO2 quadrupling experiment, the redistribution
feedback explained 25% of the global OHS [Garuba and Klinger, 2016], via a large
contribution from the Atlantic due to AMOC slowdown [Xie and Vallis, 2012] but
also through changes in the wind-driven circulation [Chen et al., 2019b, Garuba
and Klinger, 2018]. Garuba and Klinger [2016] showed that changes in inter-basin
exchanges, via the Indonesian Throughflow and Southern Ocean, modulate heat
uptake e�ciency, and therefore global OHS and its spatial pattern.
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Here, we investigate the role of heat redistribution in OHS under idealised CO2
doubling experiments, following the Flux-Anomaly-Forced Model Intercomparison
Project (FAFMIP) protocol [Gregory et al., 2016]. FAFMIP is part of the 6th phase
of the Coupled Model Intercomparison Project (CMIP6) [Eyring et al., 2016] and
sensitivity experiments from participating model centres are forced by the same
surface pertubation fluxes. Our model simulations highlight three regions where
heat redistribution is important: subpolar North Atlantic, tropics and mid-latitude
Southern Ocean. Because the latter two regions have received much less attention
than the AMOC weakening in the Atlantic [Banks and Gregory, 2006, Garuba and
Klinger, 2016, Gregory et al., 2016, Marshall et al., 2015, Winton et al., 2013, Xie
and Vallis, 2012], we further explore their OHS mechanisms. In both tropics and
mid-latitude Southern Ocean, some studies suggested that the passive component is
dominant [Armour et al., 2016, Banks and Gregory, 2006, Morrison et al., 2016, Xie
and Vallis, 2012]. Our analyses, however, support the findings from Garuba et al.
[2018b] and Chen et al. [2019b], by demonstrating that heat redistribution due to
changing ocean circulation processes plays a dominant role in tropical heat storage
and influences the pattern of mid-latitude Southern Ocean heat storage.

This paper is organised as follows. A description of the model, surface forcings and
perturbed experiments is found in Section 3.2. Regional OHS and process-based
analyses are presented in Section 5.3. The link between changes in heat transport
processes, ocean circulation and stratification is described in Section 5.4. The dis-
cussion is presented in Section 5.5 followed by conclusions in Section 5.6.

5.2 Methods

Model experiments were performed using the ocean-sea ice model from the Aus-
tralian Community Climate and Earth System Simulator (ACCESS-OM2, Kiss
et al., 2020). The model was brought to a quasi-steady state by a spin-up of 1000-
years under a climatological atmospheric state obtained from the JRA55-do repeated
year (1984-1985) forcing (Tsujino et al., 2018; Stewart et al., 2020). The model was
then configured with a flux-form surface salinity restoring, to allow a surface fresh-
water perturbation without the salt restoring e↵ects (e.g. Danabasoglu et al., 2014).
More details on the implementation of the spin-up run are presented in Dias et al.
[2020] and Chapter 3, and the implementation of FAFMIP forcing in ACCESS-OM2
was discussed in detail in Boeira Dias et al. (in prep.) and Chapter 4. Ultimately,
we used surface anomalies of heat, freshwater and momentum (wind stress) fluxes
representative of a 2xCO2 scenario superimposed onto the JRA55-do forcing, in a
similar way as proposed for fully-coupled climate models in FAFMIP [Gregory et al.,
2016]. Perturbed runs consist of three individual experiments (faf-heat, faf-water,
faf-stress) forced by heat, freshwater and momentum perturbations, respectively;
in additional to a fourth experiment combining all of them (faf-all). Each simula-
tion was run for 80 years. FAFMIP surface flux anomalies were obtained from a
13 member CMIP5 ensemble at year 61-80 of a 1pctCO2 scenario, where 2xCO2 is
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achieved around year 70.

5.2.1 FAFMIP design for added and redistributed heat

The decomposition of the ocean temperature into a passive (surface-forced) and re-
distributed or active (ocean dynamic-forced) components follow the FAFMIP proto-
col [Gregory et al., 2016]. This method includes two extra tracers, namely “added”
and “redistributed” heat tracers, which are applied following the method B described
in Gregory et al. [2016] and also used in Bouttes and Gregory [2014]. The added
heat (TA) is initialised as zero and is only a↵ected by the heat flux perturbation
(hereafter called F , Figure 4.1b). The redistributed heat (TR) is initialised from the
prognostic temperature ✓p and is not a↵ected by F , but instead is only forced by
the net surface heat flux (Q). A schematic of the surface flux treatment is present
in Gregory et al. [2016] Fig. 3. The redistributed heat provides the sea surface
temperature (SST) for the calculation of the surface heat flux; therefore, as the TR

evolves, the net surface heat flux in the perturbed experiment (Qp) will di↵er from
the net surface heat flux in the control experiment (Qc). That means that, even that
an OGCM does not allow atmosphere-ocean feedbacks (as the atmospheric state is
fixed to the JRA55-do forcing), changes in the redistributed heat allow an ocean-
driven surface heat flux feedback (e.g. Garuba et al., 2018b), as shown in Figure 4.1d.

The treatment for the surface fluxes and tracers are detailed below. Considering the
climatological mean di↵erence in net surface heat flux between the control (Qc) and
perturbed (Qp) experiments as described in Gregory et al. [2016], the total surface
heat flux perturbation (Q+) in faf-heat and faf-all experiments is represented by:

Q+ = hQpi+ F � hQci = h�Qi+ F (5.1)

where the hi indicates a time mean and �Q = Qp �Qc. A summary of the surface
heat fluxes is presented in Table 5.1. �Q in FAFMIP-OGCM and FAFMIP-AOGM
simulations will di↵er due to the active changes in the atmosphere — see our Figure
5.2d and Gregory et al. [2016] Fig. 2d for a comparison. A recent study using
FAFMIP experiments with both OGCMs and AOGCMs found that atmospheric-
ocean feedbacks are important in the North Atlantic, with a weakening of the AMOC
10% stronger in AOGCMs, but it is not significant in the Southern Ocean [Todd
et al., 2020]. faf-stress and faf-water will only a↵ect the net surface heat fluxes via
the surface feedback e↵ect due to redistribution of temperature (�Q). The tracer
equation for each individual tracer is explained below and summarised in Table 5.2.
The prognostic (conservative) temperature in a perturbed experiment ✓p is a↵ected
by both Q and F , as defined by:

@✓p

@t
= Qp + F + �p (✓p) (5.2)

with �p being the processes of heat transport in the perturbed state, including
circulation, di↵usion, eddies, vertical mixing, etc (see Eqn. 5.6) for the perturbed
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experiment. The prognostic temperature will a↵ect the ocean density and conse-
quently the heat transport due to ocean circulation. As the redistributed heat (TR)
is initiated from ✓, we can define TR = ✓c +�TR. Here, TR is a↵ected by the heat
flux perturbation F and only a↵ect the ocean density indirectly, via the ocean-driven
surface feedback, so its temperature equation is defined by:

@TR

@t
= Qp + �p (TR) (5.3)

Decomposing �p into �c + �� allows to split the heat convergence into the com-
ponent due to the control state (�c) and due to changes in the perturbed state
(��), assuming that the heat convergence function acts linearly on the tracers and
depends linearly on the relevant variables of the climate state [Gregory et al., 2016].
Assuming that the control run is at steady state (Qc+�c(✓c) = 0), the temperature
equation for TR can be written as:

@TR

@t
= �Q+�� (✓c) + �p (TR) (5.4)

The added heat tracer TA reveals where the extra heat from the heat flux pertur-
bation F is stored in the ocean. This tracer is initialised as zero and evolves with
the same convergence fluxes as ✓p, as defined by:

@TA

@t
= F + �p (TA) (5.5)

The concept of passive warming represents the heat added by the time-mean (con-
trol) ocean circulation, which is thought to be transported along isopycnals via the
ventilation pathways of dense watermass formation (e.g. Church et al., 1991). Al-
though the added heat tracer TA accounts for the perturbed heat convergence fluxes
(�p) and therefore di↵ers from the classical definitions, a passive experiment (faf-
passiveheat, where TA is transported by the control heat convergence fluxes �c) has
shown only minor di↵erences between the added heat considering �c or �p [Gregory
et al., 2016].

5.2.2 Ocean heat budget

To investigate further the relationship of OHU with physical processes of ocean
heat transport, we included diagnostics for resolved and subgridscale processes con-
tributing to heat fluxes for the ✓, TR and TA tracer equations. The heat fluxes (�)
arise from the resolved advection (ADV ) and several other parameterised terms.
Given the coarse resolution of our model, the advection only represents the large-
scale circulation, and processes such as eddy-advection and isoneutral di↵usion are
parameterised through eddy-induced transport (EIT ):

� = ADV +DIA+KPP+SWP+EIT+SUB+CON+PME+RIV +FRZ (5.6)
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While the diagnostics are similar to those presented in Dias et al. [2020] and Chapter
3, given the model configuration here we treated the surface heat fluxes separately
from the ocean processes of heat transport, so � di↵ers from F in Dias et al. [2020].
Except for ADV, all the other processes in Eq. 5.6 are parameterised: DIA is the
dianeutral di↵usion, including background di↵usivities and di↵usivities enhanced by
parameterisations (such as the local component of K-Profile parameterisation/KPP
and the tidal mixing scheme); KPP is the non-local component of KPP [Large et al.,
1994]; SWP is the shortwave penetration through the water column; EIT includes
both eddy-advection [Gent et al., 1995] and isoneutral di↵usion [Gri�es et al., 1998,
Redi, 1982] parameterisations; SUB is the restratification in the mixed layers due to
submesoscale eddies [Fox-Kemper et al., 2011]; CON is the convective instabilites
[Klinger et al., 1996] but also includes contributions from the downslope mixing
schemes, and sigma di↵usion [Snow et al., 2015] that helps to transport dense water
downwards along lateral boundaries; PME is the heat flux from precipitation minus
evaporation mass flux; RIV is the heat flux associated with river runo↵; and FRZ
is the heat flux associated with frazil formation. More detailed information is found
in Dias et al. [2020] and Chapter 3.

5.3 Global and regional ocean heat and storage

The change of the vertically-integrated ocean heat content in the faf-all experiment
shows the regional patterns of OHU (Figure 5.1a). The ocean gains heat almost ev-
erywhere, with the only exception being the Southern Ocean mostly south of 60�S,
where heat is lost to the atmosphere — a result of the increased Antarctic Bottom
Water formation in response to changes in the Westerly winds (Boeira Dias et al.,
in prep.; Chapter 4). The Atlantic accumulates more heat than the Pacific and the
Indian, mainly because of the strong passive heat gain in the North Atlantic, but
with a contribution from the redistributive component along the Gulf Stream path
(Figure 5.1b, c), likely associated with AMOC weakening (from 14-15 to 3-4 Sv by
the end of 80-years, not shown). A strong redistributed heat pattern in the South
Atlantic contributes to the total heat gain in the Atlantic. Overall, two features
of the patterns of heat storage have noteworthy contribution from redistribution:
(1) redistributive heat storage at low latitudes of the Atlantic and Pacific basins;
and (2) ocean heat storage at the Subtropical Front in the Southern Ocean, with
comparable contribution to the passive warming. Given that the AMOC has been
extensively investigated previously with regards to heat redistribution (e.g. Xie and
Vallis, 2012; Garuba and Klinger, 2016), here we will assess the drivers and mech-
anisms of the redistributive OHU at: (1) low latitudes (20�S-20�N); and (2) in the
mid-latitude (35-55�S) Southern Ocean.

5.3.1 Changes in the surface heat fluxes

The ocean heat content changes occur in response to perturbations in the net surface
heat flux (Q+). As show in Eqn. 5.1, Q+ can be divided into a passive contribu-
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tion (F ) and surface heat flux changes due to redistribution of heat (�Q). This
partitioning of the temperature field modifies the sea surface temperature (SST)
that regulates the surface heat fluxes (e.g. Garuba and Klinger, 2016). A compari-
son of the net surface heat flux in the control and perturbed experiments (Qc and
Q+, Figure 5.2a, b) reveals that the surface heat gain at low-latitudes is largely
reduced, especially in the Pacific and Atlantic eastern tropical oceans. This feature
was shown to be a coupled response to tropical warming [Garuba et al., 2018a],
in which changes in ocean circulation increase the SST and induce cooling surface
fluxes.

The di↵erence in the net surface heat flux between the control and faf-all experi-
ments also shows an increase of surface heat loss along the pathway of the Antarctic
Circumpolar Current (ACC, Figure 5.2b). Under the control state, increase of
surface heat loss at both the Western Boundary Currents (WBCs) and in the sub-
tropical front part of the northern boundary of the ACC (Figure 5.2a) occurs in
the Southern Ocean south of 30�S. Changes in the ACC due to FAFMIP pertur-
bations include a poleward displacement of the subtropical front mainly due to the
wind changes, especially in the Atlantic and Indian sectors (Figure 5.2c, d, see also
Figure 5.10). While the low-latitude feature is almost entirely dominated by redis-
tribution, the mid-latitude Southern Ocean has significant passive and redistributed
contributions (Figures 4.1b and 5.2d).

The subpolar North Atlantic exhibits a large decrease in surface heat loss (Figure
5.2b). Firstly because the FAFMIP heat perturbation F induces strongly positive
anomalies (Figure 4.1b), which means reduction of surface heat loss, an essential
contributor to formation of denser deep waters. As seen in previous studies, a
reduction of the AMOC causes cooler SST that enhances the positive heat flux
anomaly by nearly doubling it [Garuba and Klinger, 2016, Gregory et al., 2016],
allowing more heat to enter the ocean along with deeper penetration of the heat
[Xie and Vallis, 2012]. This e↵ect arises via contributions from faf-all, faf-heat, and
faf-water (Figure 5.2d, e, f), all being experiments where the AMOC weakens (not
shown).

While only the FAFMIP heat perturbation contributes to F , the redistributed sur-
face feedback (�Q) is caused by changes in ocean circulation that can result from
changes in surface heat, freshwater and/or momentum fluxes. The �Q for the indi-
vidual experiments (faf-stress, faf-water, and faf-heat) are presented in Figure 5.2c,
e, f. The reduction of heat gain at low latitudes is caused by heat redistribution
due to surface heat and freshwater flux anomalies. In the mid-latitude Southern
Ocean, all three individual experiments contribute significantly to the redistributed
heat flux. In the next section, we will explore the connection between changes in the
surface heat fluxes and in processes of ocean heat transport, which will ultimately
drive uptake of heat and storage.
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5.3.2 Changes in the ocean heat transport

To investigate how ocean heat transport is a↵ected under the 2xCO2 scenario, we
first show results for ocean heat transport in quasi-steady state. In Dias et al.
[2020] and Chapter 3, the global vertical heat transport is described in terms of the
super-residual framework, being the superposition of the two largest contributors
to the global vertical heat transport: the large-scale advection (ADV ) and eddy-
induced transport (EIT ) — the latter including both eddy-advection and di↵usion
processes. While ADV and EIT transport heat downward and upward (respectively)
in the global mean, the super-residual transport (SRT ) instead shows two di↵erent
depth-regimes with opposite contributions: (1) deep mixed layers and (2) in the
ocean interior. In the deep mixed layer regime, SRT transports heat downward
and counterbalances upward heat transport associated with subsurface cooling from
convection (CON ), submesoscale eddies (SUB) and non-local KPP processes, as a
result of the surface heat loss. This balance reaches particularly deep depths within
winter mixed layers at mid- and high-latitudes, where the surface heat losses are
larger. In the ocean interior regime, the SRT recirculates recently formed cold, dense
waters (bottom, deep, intermediate and mode waters), i.e. upward heat transport,
which is balanced by downward transport due to small-scale mixing from dianeutral
di↵usion (DIA) with adjacent waters.

The depth of the mixed layer regime varies regionally, but can reach 700 m in the
mid-latitude Southern Ocean, and 2000 m in the Subpolar North Atlantic. Exploring
the role of the SRT, Dias et al. [2020] suggested that for the vertically-integrated
budget (from surface to the bottom of the mixed layer), the net surface heat flux is
balanced by the SRT (Figure 5.3a), obscuring the e↵ects from mixed layer physics
(KPP, SUB, CON ) that e↵ectively propagate the surface fluxes downward into the
water column. Due to the vertical redistribution of these mixed layer processes,
the opposite contributions at the uppermost layer and at subsurface cancel each
other when integrated vertically (e.g. Tamsitt et al., 2016). For example, cooling
throughout the mixed layer by the non-local KPP shows a warming e↵ect in the
surface layer and cooling e↵ect from subsurface to the bottom of the mixed layer.
As CON, KPP, and SUB are locally counterbalanced by SRT within deep mixed
layers, the vertically-integrated budget over the mixed-layers (down to 2000 m to
include the e↵ect of the North Atlantic) is approximated by:

Q ⇡ SRT (5.7)

assuming a steady state in the control experiment (i.e. negligible heat tendency), as
shown in Figure 5.3a. This approximation also holds for the perturbed experiments
and for all the tracers (✓p, TR, TA; Figure 5.3b, c, d), although there is some imbal-
ance from the residual between the net surface heat flux and SRT, as manifested by
the heat tendencies due to passive and redistributed warming:

NET (✓p) ⇡ Qp � SRT (✓p) (5.8)
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NET (TR) ⇡ �Q� SRT (TR) (5.9)

NET (TA) ⇡ F � SRT (TA) (5.10)

The net added heat tendency (Figure 5.4a) integrated from subsurface (10 m) to
2000 m shows that heat is stored at mid-latitudes of both hemispheres (20-60�),
and at high-latitudes of the North Atlantic and in the Arctic. Mixed layer processes
(KPP, SUB, CON ) and dianeutral di↵usion (DIA) propagate the surface heat flux
perturbation F downward at regions of deep mixed layers (compare Figure 4.1b and
Figure 5.4b, c). Part of this heat is stored locally and part recirculates into the sub-
tropical gyres via SRT (Figure 5.4d). The zonally averaged structure (Figure 5.5)
shows that warming due to mixed layers and dianeutral di↵usion processes occur at
deep mixed layers only, while anomalies associated with SRT propagate down and
equatorward along the subduction pathways (heat tendencies following isopycnals
in Figure 5.5a, d, g).

Changes in heat transport due to redistribution above 2000 m are shown in Fig-
ure 5.6. Most of the changes at low latitudes, subtropical gyres, and within the
mid-latitude Southern Ocean are explained by changes in the SRT, which suggests
that the redistributed heat uptake is driven primarily by changes in ocean circu-
lation (large and mesoscale) rather than changes in mixing. Redistribution causes
cooling at subtropical gyres and warming at tropical latitudes, where heat is trans-
ported equatorward through the Eastern Boundary Currents (EBCs, e.g. Canary
and Benguela currents) and equatorial currents (North and South Equatorial Cur-
rents) and stored at tropical latitudes (see Section 5.4), resulting in warmer SSTs
and an induced cooling feedback in the air-sea heat flux (Figure 5.2d). Along the
ACC, changes in the front position and current transport drive heat redistribution,
particularly in the Atlantic and Indian sectors (Figure 4.1).

The North Atlantic has a similar pattern of changes to other subtropical gyres, al-
though it is substantially stronger, likely due to the influence of subpolar changes
arising from the AMOC weakening. The South Atlantic subtropical gyre, however,
has a di↵erent behaviour. Instead of heat loss in the subtropical gyre, it gains heat
due to redistribution, associated with a re-arrangement of the circulation in the
Atlantic basin, as explained in Section 5.4. The WBC of the South Atlantic basin,
the Brazil Current, becomes stronger and transports more heat poleward - while its
northern counterpart, the North Brazil and Guiana Currents, largely weaken (see
Figure 5.10b). While part of this heat re-enters the South Atlantic basin through
gyre circulation via the EBC (and is further carried out to the tropics), the other
part converges at the subtropical front (STF) and is advected by the ACC eastward,
contributing to the ocean heat storage in the mid-latitude Southern Ocean. As the
STF accelerates and shifts poleward, in response to changes in the Westerly winds,
the SRT drives redistributive OHU along the STF, which is an important contribu-
tor to the mid-latitude Southern Ocean band of ocean heat storage (e.g. Kuhlbrodt
and Gregory, 2012).

The zonal structure of the redistributed heat budget (Figure 5.7) shows further de-
tails of the mechanisms that lead to redistributed OHU. At depths between 1000 and
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2000 m, redistributive OHU occurs due to the strong reduction of North Atlantic
Deep Water (NADW) formation and associated AMOC weakening in response to
decreasing surface heat loss (e.g. Banks and Gregory, 2006). Reduction of dense
water formation results in a warming footprint at depths below 1000 m. In the
upper-1000 m, changes include heat loss in the subtropical gyres (20-40�, except in
the South Atlantic) and heat gain in the tropics (20�S-20�N) due to redistribution,
which contrasts with the passive warming in the subtropical gyres. Isotherms and
isopycnals sink at tropical/subtropical latitudes, indicating expansion in the volume
of subtropical (24.6 < �✓ < 26.6 kg m3) and subpolar (26.6 < �✓ < 27.0 kg m3)
mode waters — an overall lightening of the upper-ocean.

Given the relative importance of changes in the super-residual circulation, which is
the main mechanism of passive transport of warm anomalies due to F into the ocean
interior (subduction pathways, Figure 5.4), but also especially important for redis-
tribution of heat (Figure 5.7), in the next section we investigate the mechanisms
of heat redistribution. Focused on changes in low latitudes and in the mid-latitude
Southern Ocean, we evaluate changes in horizontal super-residual heat transport
and upper-ocean stratification in order to understand which changes in ocean cir-
culation drive redistributed heat uptake. While these two regions were previously
related with passive heat uptake [Armour et al., 2016, Banks and Gregory, 2006,
Morrison et al., 2016, Xie and Vallis, 2012], both regions have an important con-
tribution from the redistributed component due to changes in ocean circulation,
similar to results recently presented in Chen et al. [2019b].

5.4 Ocean circulation changes

The poleward heat transport in both oceans and atmosphere are essential to main-
tain the Earth’s energy balance, as radiative heat is gained at low latitudes and
lost at high-latitudes. The large-scale oceanic meridional heat transport due to the
super-residual circulation is shown in Figure 5.8a. In the mean state, the poleward
heat transport in both hemispheres is in general similar to that obtained through ob-
servations and reanalyses [Ganachaud, 2003, Trenberth and Caron, 2001], although
ACCESS-OM2 shows weaker transport at low latitudes in comparison with other ob-
servational estimates [Kiss et al., 2020]. In response to FAFMIP perturbations, the
poleward heat transport substantially reduces in the northern hemisphere, strongly
dominated by changes in the North Atlantic (Figure 5.8a). On the other hand, the
poleward heat transport largely increases in the southern hemisphere, where again
the contribution from the Atlantic basin is larger than other basins. The individual
FAFMIP experiments revealed that the faf-heat perturbation dominates changes in
the meridional heat transport (Figure 5.8b); faf-stress has significant contribution
to changes in both hemispheres, and a dominant role in the changes south of 20�S.
The faf-water perturbation has negligible contribution to changes in poleward heat
transport.

The response of the ocean circulation is more complex than the changes in merid-
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ional heat transport (Figure 5.10), mainly because circulation changes vary among
subtropical gyres, and also vary between Western and Eastern Boundary Currents
(WBCs and EBCs). In general, the horizontal transport integrated in the upper-
1000 m intensifies at equatorial and EBC regions, and strongly increases along the
ACC, while WBCs have a mixed response depending on the basin. In the North
Atlantic, there is strong shallowing of the upper-ocean stratification in response
to surface heat input from F (Figure 5.9c). Heat transport in the North Atlantic
Current (NAC) weakens at all depths, but it strengthens in the subtropical gyre at
the surface while weakening at mid-depth (Figure 5.10). Integrated over the upper-
1000 m, changes in horizontal heat transport due to SRT show a slowdown of the
Gulf Stream, while the Canary and North Equatorial Currents intensify. Changes in
the North Atlantic subtropical gyre and associated reduction of poleward heat trans-
port (Figure 5.8a) suggest that heat moving poleward with the Gulf Stream/NAC
reduces, and the extra heat associated with the surface heat flux perturbation (F ),
stored passively in the gyres, is transported equatorward via eastern boundary and
equatorial currents (Figure 5.10). Changes in stratification and circulation agree
with recent results that show a de-coupling between the surface and subsurface
gyre circulation due to increased stratification [Li et al., 2019, Wang et al., 2015b].
Similar changes, with increased stratification and upper-ocean acceleration of the
subtropical gyre (and slowdown in the lower thermocline) are also observed in the
North and South Pacific and Indian basins. In contrast with increased stratification
at subtropical gyres, the stratification at tropical regions where redistributed OHU
occurs (e.g. Figure 5.1c) largely weakens (Figure 5.9c). The intensification of the
equatorial currents at surface and subsurface should transport extra heat both west
and eastward via the complex system of equatorial currents and countercurrents
(Figure 5.10).

Circulation changes in the South Atlantic have opposite e↵ect in comparison with
other subtropical gyres. The Brazil Current strongly intensifies at surface and also
at depth (Figure 5.10), contributing to a poleward heat transport in the southern
hemisphere (Figure 5.8a). A shift from equatorward heat transport in the control
state to poleward transport in the Atlantic Ocean results from both (1) intensifi-
cation of the Brazil Current and (2) a slowdown of the Deep Western Boundary
Current (which carries cold water poleward at 2500 m, Figure 5.10e; e.g. Meinen
et al., 2017), ultimately resulting in increased heat convergence at the subtropical
front. This e↵ect is reinforced by the larger heat transport anomalies along the
STF of the ACC and reduction in the stratification along the front (Figure 5.9c, f).
Both mechanisms (1) and (2) result in strong redistributed ocean heat storage at
the subtropical front (35-45�S, Figure 5.6). While the intensification and poleward
shift of the ACC is expected due to wind changes, the faf-stress experiment results
in very little redistributed OHU at the ACC (not shown); however, changes between
faf-all and faf-heat suggest that the wind changes should have a key importance for
the spatial pattern of redistributed heat, as found recently in Chen et al. [2019b].

Our results highlight regional features with important contributions from the re-
distributed component. At low latitudes, equatorward heat transport strengthens
in the upper-1000 m due to changes in the subtropical and equatorial circulation.
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Intensification of Eastern Boundary and Equatorial currents drives heat storage at
tropical latitudes, especially in the Atlantic Ocean and in the East Pacific. Heat gain
at tropical latitudes (Figure 5.6a) weakens the shallow thermocline and increases
SST, which drives a feedback mechanisms in which redistributed heat gain causes
surface heat loss in response to positive surface heat flux anomalies [Garuba et al.,
2018a] — see also Figure 5.2b, d. The strong redistributed e↵ect in the Atlantic
results from the combination of subtropical/tropical changes and the slowdown of
the AMOC, therefore storing substantially more heat than other basins. While the
redistribution of heat is the main mechanism for warming of the tropical oceans,
the heat uptake in the mid-latitude band of the Southern Hemisphere is due to
both passive and redistributed components. While passive warming occurs over a
broader area of the mid-latitude Southern Ocean, redistributed warming is strongest
at the subtropical front (Figure 5.6a). A less stratified, faster, and poleward shifted
ACC results in more heat stored at the STF, and consequently more heat advected
into subpolar and subtropical mode waters - with a relatively smaller residence time
compared to the deep and abyssal overturning circulation.

5.5 Discussion

Ocean heat storage was decomposed into added and redistributed components in
2xCO2 scenarios simulated with ACCESS-OM2, and their relative roles analysed
from a process-based perspective. Most of the OHS occurs in the top-2000 m and
north of 60�S. Added heat (Figure 5.4a) enters at mid-latitudes driven by Ekman
convergence and is passively advected along ventilation pathways (Figure 5.5a,d,g;
e.g. Banks and Gregory, 2006; Garuba and Klinger, 2016; Chen et al., 2019b). Re-
distributed heat is dominated by circulation changes (Figure 5.6a) associated with
the super-residual component, with a minor contribution from changes in vertical
mixing (Section 5.35.3.2). Redistribution is important in three regions: (1) low
latitudes (20�S–20�N), (2) mid-latitude (35–50�S) Southern Ocean, and (3) subpo-
lar North Atlantic. As the link between AMOC slowdown and faster and deeper
penetration of OHS due to redistribution has received a lot of attention [Garuba
and Klinger, 2016, Winton et al., 2013, Xie and Vallis, 2012], we focused on the
mechanisms causing OHS in the tropics and in the mid-latitude Southern Ocean.

The redistributed OHS pattern has important di↵erences between basins. In the
North Atlantic, Pacific, and South Indian subtropical gyres, redistributed cooling is
associated with SRT changes (Figure 5.7b,e,h). Increased gyre stratification (Fig-
ure 5.9c) leads to intensified surface heat transport via EBCs and WBCs (Figure
5.10b), and slowdown in the transport of WBCs (Figure 5.10d), culminating in OHS
at tropical latitudes. The magnitude of the changes in ocean heat transport (OHT)
varies among gyres and causes a larger OHS in the Atlantic, followed by the East
Pacific, and a small storage in the Indian (Figures 5.1c and 5.6a).

Redistribution of heat in the South Atlantic subtropical gyre is unique compared to
other basins. Although reduced upper-ocean stratification (Figure 5.9c,f) is associ-
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ated with stronger OHT in the Benguela Current, as seen in other EBCs, the WBC
transport by the Brazil Current increases at both surface and mid-depths (Figure
5.10a,b,c,d). Distinct changes in the South Atlantic gyre circulation contribute to:
a larger OHS in the tropical Atlantic than in the Pacific and Indian, a strong hemi-
spheric asymmetry, and a larger heat convergence in the STF. Redistributed heat
contributes together with added heat to OHS across mid-latitudes of the Southern
Ocean (Figure 5.1b,c).

OHS in the tropics arises from circulation changes in the subtropical gyres, from
where intensified EBCs redistribute heat to zonal equatorial currents. Although
some studies suggested that OHS in the shallow tropical thermocline is predomi-
nantly passive [Banks and Gregory, 2006, Xie and Vallis, 2012], our results highlight
the primary role of the redistribution component, where its feedback causes local
surface heat loss [Garuba et al., 2018b] — see also Figure 5.2d. We demonstrate
how the regional OHT is modified in a climate change scenario and how the super-
residual framework [Dias et al., 2020] proved useful to identify changes in watermass
formation (e.g. decrease of dense water formation, resulting in positive anomalies
of vertical processes between 1000-2000 m, Figure 5.7c,f) and the pathways of heat
redistribution in the ocean interior (i.e. heat advected away from mixed layers by
the SRT, Figure 5.7b,e). In subtropical and tropical regions, the SRT dominates
the redistribution of heat, being only weakly o↵set by vertical mixing processes.

In addition to the distinct response in the South Atlantic, we note stronger changes
in the North Atlantic compared to other subtropical gyres. The Gulf Stream largely
weakened at subsurface due to changes in the AMOC, consistent with previous stud-
ies [Chen et al., 2019a, Yang et al., 2016]. Similar studies that investigated changes
in the subtropical gyres under climate change also emphasised changes in WBCs.
All WBCs (except Gulf Stream) are expected to intensify and to shift poleward [Qu
et al., 2019, Yang et al., 2016, 2020], with a larger warming trend over the WBCs
than in the global [Wu et al., 2012]. Wang et al. [2015b] suggested that an increase
in the stratification (e.g. Luo et al., 2018) strengthens the barrier between the upper
and lower circulation due to the baroclinic nature of the gyres, and thereby results in
acceleration at near surface and slowdown in the lower thermocline. Subsequently,
Li et al. [2019] showed that the thermal warming e↵ect dominates the stratification
response relative to windstress changes. Our results support these findings, and
also highlight that both the Gulf Stream and Brazil Current behave di↵erently to
other WBCs due to the AMOC weakening, and its e↵ect on the circulation of the
subtropical gyres.

The response of EBCs has had less attention than their WBC counterparts. EBCs
are shallower and weaker than WBCs, and most climate change studies have focused
on their coastal upwelling [Barton et al., 2013, Demarcq, 2009, Gutiérrez et al., 2011,
Sydeman et al., 2014a]. Some studies suggested that the surface warming trend in
the open ocean is opposite to the trends nearshore [Santos et al., 2012], and also
that the poleward expansion of the Hadley cells would increase upwelling at the
poleward end and decrease it equatorward [Rykaczewski et al., 2015, Wang et al.,
2015a]. However, the spatio-temporal limitations of observations and superimposed
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interannual to multi-decadal variability, along with the limited ability of global cli-
mate models to represent well the EBCs, makes it di�cult to project the impacts of
climate change on their upwelling systems [Bakun et al., 2015, Garćıa-Reyes et al.,
2015].

While projections indicate increasing global mean stratification in the upper 200 m
[Gruber, 2011, Yamaguchi and Suga, 2019], trends in EBCs have not been prop-
erly evaluated (although Brochier et al., 2013, found the Humboldt Current might
stratify under climate change). In spite of the stratifying tendency observed over
most of the subtropical gyres and global ocean (Figure 5.9c), our results indicate
an opposite trend in tropical regions, specifically in the eastern Pacific and Atlantic
basins, where a reduction of the upper-ocean stratification and a large redistributed
OHS occurs. The asymmetric response of both stratification and redistributed OHS
is likely due to inter-hemispheric di↵erences in the connection between northern and
southern subtropics and the tropical region, where the south Atlantic/Pacific gyres
have a more direct pathway than the northern gyres [Strub et al., 2013].

Tropical warming is a robust feature in observed SST patterns [Xie et al., 2010],
such as an El Niño like structure in the East Pacific [Luo et al., 2015, Vecchi and
Wittenberg, 2010] that have a potential to alter the wind stress and regional sea
level [Timmermann et al., 2010]. Recent results have emphasised the role of equato-
rial regions for the global OHT [Holmes et al., 2019]. Garuba et al. [2018b] showed
that tropical warming plays an important role in the redistributed OHS, resulting in
heat release to the atmosphere under a coupled system, and the large e�cacy of this
mechanism is the main driver of reduced climate sensitivity. The thermal gradient
between the east and west tropical Pacific has been shown to have a time dependent
response, where the warming in the east dominates the slow multidecadal changes
[Andrews et al., 2015, Held and Vallis, 2009]. While high-latitude heat uptake is
partially compensated by heat release at low latitudes (�Q in Figure 5.2d) due to
redistribution [Winton et al., 2013], our results show how redistribution of heat from
the subtropical gyres (where passive warming takes place) to the tropical regions
(where redistributed heat storage takes places) develops through an interplay of
changes in wind-driven circulation and upper-ocean stratification.

The Southern Ocean is a key region for the heat uptake and storage during the past
15 years [Roemmich et al., 2015, Wij↵els et al., 2016] and in climate change sce-
narios [Kuhlbrodt and Gregory, 2012]. In various studies, passive warming makes
an important contribution to mid-latitude Southern Ocean heat storage [Armour
et al., 2016, Gregory et al., 2016, Morrison et al., 2016], where heat uptake around
45-60�S results in OHS centred at 45�S (Figure 5.3d). Part of the heat is added
locally by vertical mixing processes (Figures 4.1b and 5.4b,c), while the SRT stores
heat slightly equatorward, in the northern boundary of the ACC (Figure 5.4d). Our
process-based results add new insights on the processes involved in the pattern of
Southern Ocean heat storage in climate change scenarios.

Intensification and southward displacement of the STF cause substantial redistri-
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bution of heat, contributing to mid-latitude Southern Ocean storage (Figure 5.6a).
A consistent shift in the ACC fronts is not clear from observational studies [Free-
man et al., 2016, Shao et al., 2015]. CMIP5 models do not have a clear correlation
between meridional shift in winds and in the ACC [Meijers et al., 2012] but some
studies indicate that windstress is not the only driver of front position [De Boer
et al., 2013, Graham et al., 2012]. Changes in Westerlies tend to strengthen the
northward Ekman drift and tilt isopycnals [Bouttes and Gregory, 2014, Frankcombe
et al., 2013, Kuhlbrodt et al., 2015, Lowe and Gregory, 2006, Marshall et al., 2015,
Saenko et al., 2015], which are partially compensated by eddies [Böning et al., 2008,
Downes and Hogg, 2013, Farneti and Delworth, 2010, Farneti et al., 2015]. Coarse
models, however, have limited representation of this e↵ect [Gri�es et al., 2015a].
Our results show a non-negligible poleward shift of the STF (Figure 5.1b), which
contributes to heat redistribution (Figure 5.1c). Strengthening of the Brazil Current
also contributes to the larger heat convergence along the STF (Figure 5.10a), and
all surface flux perturbations are important for redistribution (Figure 5.2c,e,f).

Our budget analyses reveal that the SRT explains most of the redistribution of heat,
with only a small contribution from vertical mixing processes. Redistributed heat
storage has a significant contribution to the storage in the mid-latitude Southern
Ocean, although smaller than passive warming (Figure 5.1, Table 5.3). In contrast
with the earlier assumption that heat storage could be approximated by passive pro-
cesses [Church et al., 1991, Jackett et al., 2000], our results reinforce recent findings
on the importance of the redistribution component (e.g. Banks and Gregory, 2006;
Xie and Vallis, 2012; Garuba and Klinger, 2016; Garuba et al., 2018b; Chen et al.,
2019b).

Di↵erences in the response of fully-coupled models (AOGCMs) and ocean-sea ice
models (OGCMs) are expected though. OGCM simulations are cheaper to run than
AOGCMs and can use surface-atmospheric forcing products that are continuously
updated [Tsujino et al., 2018], therefore reducing biases associated with atmospheric
models (e.g. position of Westerly winds is realistically represented in JRA55-do).
Studies with OGCMs also show a similar large-scale heat uptake patterns under cli-
mate change as in AOGCMs [Armour et al., 2016, Huber and Zanna, 2017, Jansen
et al., 2018]. While OGCMs do not fully represent atmosphere-ocean feedbacks
because of the fixed atmospheric state, the FAFMIP tracer design allows the ocean-
driven redistribution feedback to be represented [Garuba et al., 2018b, Gregory
et al., 2016], even in OGCMs (Figure 5.2). The redistribution feedback makes an
important contribution to the AMOC slowdown, but little contribution to circula-
tion changes in other regions [Todd et al., 2020]. Similar qualitative changes in total
OHC and its added and redistributed components are found between our study and
others under FAFMIP [Gregory et al., 2016, Todd et al., 2020], providing a level of
confidence.

One caveat associated with OGCMs is the requirement for SSS restoring [Danaba-
soglu et al., 2014, Gri�es et al., 2009], which a↵ects the surface freshwater fluxes
and the sensitivity to freshwater perturbations. Our experimental design applies
a similar approach to Zika et al. [2018] and Todd et al. [2020] to prescribe air-sea
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fluxes, but with an important di↵erence. In the aforementioned studies, all surface
fluxes are prescribed in flux-form, while here only fluxes associated with the salinity
restoring are prescribed, and all others surface fluxes are obtained through bulk
formulae. Our approach allows the sea-ice to evolve in response to ocean changes,
relevant to high-latitude processes (e.g. Pellichero et al., 2018), while the approach
used in Todd et al. [2020] requires an inactive sea-ice model, as ocean-sea ice fluxes
are prescribed (A. Blaker, pers. communic.). Despite the di↵erent experimental
design, depth-integrated added and redistributed OHC changes are qualitatively
similar (Todd et al., 2020, their Figs. 6 and 7 and Figure 5.1b,c).

Model biases in state-of-the-art climate and ocean models can influence heat up-
take and redistribution, which is highly dependent on the ventilation pathways (e.g.
Katavouta et al. 2019). For example, limitations in the representation of ther-
mal fronts finer than the model grid are well-known biases among coarse resolution
models [Bi et al., 2013a, Gri�es et al., 2009, Richter, 2015]. Models tend to over-
estimate the winter mixed layer depth in the Southern Ocean [Downes et al., 2015,
Kiss et al., 2020] compared with observations [Buongiorno Nardelli et al., 2017,
Dong et al., 2008, Schmidtko et al., 2013] due to limitations in the surface buoyancy
forcing [Sallée et al., 2013] and/or sub-grid-scale parameterisation [Dufresne et al.,
2013, Wenegrat et al., 2018]. As a result, excessive subduction of mode waters can
drive a warming bias at around 700 m depth [Bi et al., 2013a, Dias et al., 2020,
Gri�es et al., 2009], although its impact on the ventilation of heat and carbon is
currently unknown [Kiss et al., 2020]. Part of this bias is taken into account by
results when presenting perturbed anomalies to the mean state. Nevertheless, an
extreme response of the simulated mixed layer will likely result in di↵erences from
a more realistic climate system. We expect high-resolution models to have smaller
warming biases in the mean state [Gri�es et al., 2015a], but the e↵ect on the rel-
ative contribution to added and redistributed Southern Ocean heat storage is still
not clear.

5.6 Conclusions

This study highlights the importance of ocean heat storage due to heat redistribu-
tion, which primarily results from ocean circulation changes at large and mesoscales,
by the super-residual transport [Dias et al., 2020, Kuhlbrodt et al., 2015]. Changes
in vertical mixing are secondary. At mid-latitudes and in subtropical gyres, heat is
added locally and redistributed to the tropics. Redistribution of heat accounts for
65% of the tropical warming, associated with increased gyre stratification and equa-
torward heat transport, especially via EBCs, causing redistribution (ocean-driven)
feedback [Garuba et al., 2018b]. Heat redistribution contributes to 25% of the heat
storage in the mid-latitude Southern Ocean, driven by increased heat convergence
as a result of the strengthening and poleward shift of the front, in addition to sub-
stantial passive warming in the mid-latitude Southern Ocean [Armour et al., 2016,
Chen et al., 2019a, Garuba et al., 2018b, Morrison et al., 2016].
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These results enhance our understanding of ocean heat uptake, transport, and stor-
age, and has implications for global mean and regional sea-level changes [Church
et al., 2013]. Process-based studies such as carried out in this study and others [Dias
et al., 2020, Exarchou et al., 2015, Gri�es et al., 2015a, Hieronymus and Nycander,
2013, Morrison et al., 2016, Palter et al., 2013] are important to refine models and
therefore to reduce spread in sea-level projections, which largely depend on the e�-
ciency with which heat is sequestered by the ocean [Kuhlbrodt and Gregory, 2012].
In individual model studies such as this, we can explore the details of ocean heat
transport and storage at global and regional scales to establish a baseline for future
intermodel comparisons, as process-based diagnostics become available in CMIP6
[Gregory et al., 2016, Gri�es et al., 2016]. Earlier sea level estimates [Church et al.,
1991, Jackett et al., 2000] and recent global OHC reconstructions [Zanna et al.,
2019a] have considered ocean heat storage as a passive process. Our study adds to
the growing evidence [Banks and Gregory, 2006, Chen et al., 2019b, Garuba and
Klinger, 2016, 2018, Garuba et al., 2018b, Gregory et al., 2016, Xie and Vallis, 2012]
that redistribution of heat makes an important contribution to ocean heat storage
over longer multidecadal timescales.

Table 5.1: Summary of surface heat flux treatment.

Quantity Description Experiment
Qc net surface heat flux control
Qp net surface heat flux FAFMIP
F FAFMIP surface heat flux perturbation faf-heat/faf-all

�Q = Qp - Qc ocean-driven surface feedback FAFMIP
Q+ = �Q + F total surface heat flux perturbation faf-heat/faf-all

Table 5.2: Summary of heat tracers treatment.

Tracer Tracer equation Description Experiment
✓c

@✓c
@t = Qc + �c (✓c) conservative temperature control

✓p
@✓p
@t = Qp + F + �p (✓p) conservative temperature faf-heat/faf-all

TR
@TR
@t = Qp + �p (TR) redistributed heat faf-heat/faf-all

TA
@TA
@t = F + �p (TA) added heat faf-heat/faf-all

TA
@TA
@t = F + �c (TA) added heat control
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Table 5.3: Relative contribution of added and redistributed heat to depth-integrated
ocean heat storage.

Sub-region Added Redistributed
Global 67% 33%

Tropics (20�S–20�N) 35% 65%
Southern Ocean (35�–50�S) 75% 25%

Figure 5.1: Time-mean (years 61-80), vertically integrated (a) ocean heat content
anomaly, (b) added heat content anomaly, (c) redistributed heat content anomaly
(units are in GJ), for the faf-all experiment.
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Figure 5.2: Time-mean (years 61-80), of the surface heat fluxes: (a) net surface
heat flux control run (Qc); (b) net surface heat flux anomaly faf-all (Q+); (c)
redistributed surface heat flux feedback (�Q) faf-stress; (d) redistributed surface
heat flux feedback (�Q) faf-all ; (e) redistributed surface heat flux feedback (�Q)
faf-water ; (f) redistributed surface heat flux feedback (�Q) faf-heat. All units in W
m�2. The global mean heat input is show in the top left corner for each field.
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Figure 5.3: Time-mean (years 61-80), zonally-integrated heat budget (W m�2) for
(a) control run (conservative temperature ✓, Q = Qc), (b) faf-all (conservative
temperature ✓, Q = �Q + F ), (c) faf-all (redistributive temperature TR, Q =
�Q = Qp �Qc), and (d) faf-all (added temperature TA, Q = F ).
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Figure 5.4: Time-mean (years 1-80) of faf-all simulation, added heat convergence
vertically-integrated 10-2000 m for: (a) net tendency (NET ), (b) dianeutral di↵usion
(DIA), (c) mixed layer processes (KPP, SUB, CON ), (d) super-residual transport
(SRT ), (e) eddy-induced transport (EIT ), and (f) mean advection (ADV ). Units
in W m�2.
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Figure 5.5: Time-mean (years 1-80) of faf-all simulation, added heat convergence
zonally-integrated per basins: Pacific (top row), Atlantic (middle row), and In-
dian ocean (bottom row). Net added heat tendency is at left column (a, d, g);
super-residual transport (SRT ) is at middle column (b, e, h); and mixed layer and
dianeutral processes are presented together in the right column (c, f, i). Units in W
m�2.
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Figure 5.6: Time-mean (years 1-80) of faf-all simulation, redistributed heat conver-
gence vertically-integrated 10-2000 m for: (a) net tendency (NET ), (b) dianeutral
di↵usion (DIA), (c) mixed layer processes (KPP, SUB, CON ), (d) super-residual
transport (SRT ), (e) eddy-induced transport (EIT ), and (f) mean advection (ADV ).
Units in W m�2.
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Figure 5.7: Time-mean (years 1-80) of faf-all simulation, redistributed heat conver-
gence zonally-integrated per basins: Pacific (top row), Atlantic (middle row), and
Indian ocean (bottom row). Net redistributed heat tendency is at left column (a, d,
g); super-residual transport (SRT ) is at middle column (b, e, h); and mixed layer
and dianeutral processes are presented together in the right column (c, f, i). Units
in W m�2.
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Figure 5.8: Time-mean (years 61-80) meridional heat transport due to the super-
residual transport (SRT ). (a) Global and basins meridional heat transport for con-
trol (continuous line) and faf-all (dashed) simulation, (b) global meridional heat
transport for control (continuous black line) and FAFMIP experiments: faf-all
(black dashed), faf-heat (red dashed), faf-water (blue dashed), faf-stress (green
dashed). Units in PW (1015 W).
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Figure 5.9: Time-mean (years 61-80) stratification (kg m�3) estimated as the
di↵erence between potential density at the surface and 300 m (top row) [S =
⇢300m � ⇢surface], for (a) control, (b) faf-all, and (c) faf-all minus control. The
Brunt-Väisällä frequency (s�1) for a zonal transect in the Atlantic Ocean (30�W) is
shown in the middle row and in the Pacific Ocean is shown in the bottom row, for
(d, g) control, (e, h) faf-all, and (f, i) faf-all minus control.
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Figure 5.10: Time-mean (years 61-80), horizontal heat transport due to SRT
anomaly with respect the control run: (a) depth-integrated 0-1000 m, (b) at surface
(k = 1), (c) at 200 m, (d) at 1000 m, and (e) at 2500 m. Units in W m�2.



Chapter 6

Conclusions

The aim of this thesis is to improve understanding of the physical mechanisms of
ocean heat uptake, transport and storage. The evolution of ocean heat content is
fundamental for sea-level projections not only at global scale, where it influences
global mean sea level rise through the thermal expansion, but also at regional scales,
through the geographical patterns of dynamical sea-level change. One of the “Grand
Science Challenges” identified by the World Climate Research Programme (WCRP)
is to reduce the large spread in sea-level projections, which in large part is due to
uncertainties in how much heat is absorbed by the ocean and where this heat is
stored [Kuhlbrodt and Gregory, 2012].

Anticipating the inclusion of process-based ocean diagnostics for CMIP6 [Gri�es
et al., 2016] and building on previous process-based studies [Exarchou et al., 2015,
Gnanadesikan et al., 2005, Gregory, 2000, Gri�es et al., 2015a, Hieronymus and Ny-
cander, 2013, Kuhlbrodt et al., 2015, Morrison et al., 2013, 2016, Wolfe et al., 2008],
this thesis explored the physical processes of ocean heat transport in the Australian
Community Climate and Earth System Simulator Ocean Model version 2 (ACCESS-
OM2) — an ocean-sea ice model with similar configuration to the ACCESS-CM2
submission to CMIP6 (coupled model, Bi et al., in prep.). The model was forced
with the state-of-art climatological forcing (JRA55-driving ocean, Tsujino et al.,
2018), and climate change scenarios were achieved through surface flux perturba-
tions representative of 2xCO2 scenarios, extracted from CMIP5 models as part of
the Flux-Anomaly-Forced Model Intercomparison Project (FAFMIP, Gregory et al.,
2016).

Specific goals were to investigate the global vertical heat balance in the climatolog-
ical (i.e. near-present) state (Chapter 3, Dias et al., 2020); to explore the changes
in the vertical heat transport under a doubled atmospheric CO2 forcing that drives
ocean heat uptake (OHU), focused in the subpolar Southern Ocean (Chapter 4);
and at global large-basin scale (Chapter 5). Intentionally, the two di↵erent regions
approached in Chapters 4 and 5 correspond to the global heat uptake below and
above 2000 m, respectively, so this thesis presents a comprehensive view of the global
OHU and driving mechanisms under climate change conditions.

95
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Previous studies described the global vertical heat balance between the downward
heat transport by the large-scale advection and the upward heat transport by the
eddy-induced processes using global climate models (e.g. Gregory, 2000; Gnanade-
sikan et al., 2005; Hieronymus and Nycander, 2013; Gri�es et al., 2015a). This
balance is remarkably di↵erent than suggested in earlier studies, where the ocean
heat balance was expected to be dominated by downward heat transport by diapy-
cnal di↵usion, and upward heat transport from advection associated with upwelling
of cold water [Munk, 1966, Stommel and Arons, 1960]. Building upon the work of
Kuhlbrodt et al. [2015], which suggested that the large-scale advection and eddy-
induced transport could be combined in a single process, the super-residual transport
(SRT ), the e↵ects of the SRT for both the global and regional heat budgets were
investigated in Chapter 3.

The main findings revealed that the SRT has two depth-dependent regimes, one in
deep mixed layers (where dense waters form) and the other in the ocean interior
(where dense waters recirculate). In deep mixed layers, high-latitude watermasses
are formed, through cooling or salinification, and the SRT counteracts those pro-
cesses by transporting heat and salt downward. In the ocean interior, the SRT
has the opposite e↵ect and transports heat and salt upward, which is compensated
by mixing due to dianeutral di↵usion. Overall, the SRT is largely responsible for
removing newly-formed watermasses from the mixed-layer into the ocean interior,
where they are eroded by dianeutral di↵usion. The SRT framework is a contempo-
rary interpretation of the classical advective-di↵usive balance [Munk and Wunsch,
1998, Munk, 1966, Stommel and Arons, 1960], where advection is replaced by the
SRT (as the e↵ect from mesoscale eddies is always counteracting the large-scale
advection, an e↵ect most pronounced at mid- and high-latitudes). Importantly, the
ocean interior balance is not uniform and instead is bottom-intensified above rough
topography, allowing an overturning cell to develop in alignment with recent the-
ories [Ferrari et al., 2016, McDougall and Ferrari, 2016] and observations [Polzin,
1997, St. Laurent et al., 2002].

The changes in ocean heat transport in response to climate change scenarios in the
subpolar Southern Ocean were investigated in Chapter 4. In this region, Antarc-
tic Bottom Water (AABW) originates through complex interactions between shelf
processes and mixing with deep waters originally from the North Atlantic (e.g. Car-
mack and Foster, 1975; Orsi et al., 1999; Jacobs, 2004). Afterwards, it is exported
northward along the ocean bottom as an important component of the meridional
overturning circulation, filling approximately 60% of the ocean’s volume. As climate
models of coarse resolution have di�culties in representing these processes well, the
aim in Chapter 4 was to investigate how AABW forms in ACCESS-OM2 under a
present-day condition and how it changes under a 2xCO2 scenario. While observa-
tional studies generally indicate lightening and decrease of AABW formation under
climate change (e.g. Rintoul, 2007; Purkey and Johnson, 2010; Fahrbach et al., 2011;
Durack et al., 2014; Roemmich et al., 2015), results from inter-model comparisons
are in less agreement (e.g. Sallée et al., 2013; Heuzé et al., 2015a).

Results from ACCESS-OM2 showed that AABW formation increases in response to
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the poleward shift and intensification of Westerly winds, primarily from expansion
of open ocean polynyas and increased deep convection — the main mechanism of
AABW formation in our coarse model, although formation at specific locations of
the Antarctic shelf also occurs in both mean and perturbed states. Decrease of
surface heat loss and increase of surface freshwater input have opposite e↵ect in
comparison with the wind, reducing AABW formation via decreasing of open ocean
polynyas and deep convection. However, the wind e↵ect dominates over changes in
surface heat and freshwater fluxes, resulting in decreasing of ocean heat content in
the subpolar Southern Ocean in a scenario where the e↵ect from momentum, heat
and freshwater surface fluxes are considered. The cold anomalies are transported
around the global ocean at depths below 2000 m. In addition, results show that
the net response is time-dependent, with significant variability in the open-ocean
polynyas along the 80 years simulation period.

The findings in Chapter 4 revealed how the subpolar Southern Ocean (sSO) is af-
fected by climate change scenarios in a typical coarse resolution climate model.
Changes in ocean heat content south of 60�S in ACCESS-OM2 are similar to
AOGCMs simulations under the same FAFMIP perturbations [Gregory et al., 2016],
indicating that strengthening of AABW formation and acceleration of the lower
branch of the meridional overturning circulation might be a common response in
some climate models. The response of bottom waters obtained by climate mod-
els is generally opposite to that obtained from observations [Fahrbach et al., 2011,
Purkey and Johnson, 2010, Rintoul, 2007, Roemmich et al., 2015], which is likely
due to the limited representation of AABW formation processes in coarse resolution
models [Heuzé et al., 2013, 2015a, Sallée et al., 2013]. This unrealistic response of
coarse climate models to 2xCO2 derived forcing perturbation is a potential source
of dynamic sea-level projection uncertainties, which are large in this region (e.g.
Bouttes and Gregory, 2014). The inclusion of high-resolution models in CMIP6,
which supposedly have a more realistic representation of bottom water formation
processes, is a good opportunity to compare the sSO response to 2xCO2 and better
understand the intermodel spread in projections of ocean heat uptake and dynamic
sea-level.

The oceans play a central role in the climate system by absorbing most of the extra
heat from anthropogenic emissions [Le Quéré et al., 2015, Rhein et al., 2013]. The
spreading in the ocean response to surface radiative forcing (i.e. heat input) corre-
sponds roughly to half of the uncertainties in sea-level projections [Kuhlbrodt and
Gregory, 2012]. Some of the most important open questions are where the extra
heat is stored in the ocean and what are the relative roles of the passive warming
(i.e. extra heat transport by the time-mean circulation, di↵usion, etc) and warming
due to redistribution (due to changes in ocean circulation, di↵usion, etc) for the
total heat uptake. In Chapter 5, a decomposition of the passive and redistributed
heat uptake is carried out following the FAFMIP-protocol, and explained through
a process-based analysis.

Results revealed two important regions where ocean heat uptake due to redistribu-
tion is a substantial component for the total warming, but have been given limited
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attention. In contrast with previous studies that assumed that the permanent ther-
mocline can be approximated by passive heat uptake [Banks and Gregory, 2006, Xie
and Vallis, 2012], heat accumulates at low latitudes due to redistribution, result-
ing from an interplay between changes in stratification, changes in the subtropical
wind-driven gyres circulation, and in the formation and recirculation of mode waters.
Horizontal heat transport associated with eastern boundary and equatorial currents
intensifies and is responsible for advecting the extra heat (that enters passively in
the subtropical gyres) equatorward, playing a main role for the tropical warming. As
tropical regions store heat, the surface temperature increases and the surface heat
flux into the ocean is attenuated [Garuba and Klinger, 2016, Winton et al., 2013],
reducing the climate sensitivity [Garuba et al., 2018b]. Results also show that redis-
tribution has an important role for the OHU in the mid-latitude Southern Ocean,
which was thought to have a dominant contribution from passive warming [Armour
et al., 2016, Morrison et al., 2016]. The strengthening and poleward displacement of
the subtropical front enhances the heat convergence and causes redistributed heat
uptake, which was shown to be a fundamental component of the belt of OHU centred
at 45�S seen in both models and observations (e.g. Roemmich et al., 2015; Frölicher
et al., 2014). These findings support recent studies that highlighted the importance
of taking into account both passive and redistributed heat uptake for understanding
of the ocean warming [Banks and Gregory, 2006, Chen et al., 2019b, Garuba and
Klinger, 2016, 2018, Garuba et al., 2018b, Winton et al., 2013, Xie and Vallis, 2012].

The findings presented here are important advances for the understanding of ocean
heat uptake, transport and storage in response to climate change. While the ma-
jority of previous studies have focused on the large-scale and mesoscale processes
of vertical heat transport, which quantitatively dominates the global heat budget,
insights are gained by adopting the super-residual framework — revealing the con-
nection between the dominant processes (large-scale circulation and eddy-induced
transport) with small-scale mixing at deep mixed layers and in the ocean interior.
The super-residual framework developed in Chapter 3 encapsulates the physical
mechanisms of watermass ventilation in a climatological state, and also shows how
the ventilation pathways are modified under climate change scenarios as seen in
Chapters 4 and 5. In Chapter 4, the SRT framework revealed changes in convective
processes associated with AABW formation, which is intensified under strengthened
and southward shifted Westerly winds, and is reduced under positive surface heat
and freshwater anomalies. In Chapter 5, ocean heat uptake driven by redistribution
of heat is, in part, caused by reduction of dense water formation at subtropical and
mid-latitudes (i.e. subtropical and subpolar mode waters) and in the subpolar North
Atlantic (North Atlantic Deep Water).

The advances achieved with the super-residual framework are very relevant for future
inter-model comparison. Process-based diagnostics, required for this framework, are
expected to be available in CMIP6 [Eyring et al., 2016, Gri�es et al., 2016], and
will likely improve our understanding of the mechanisms of heat transport in di↵er-
ent models. Advantages in adopting the SRT framework for large intercomparisons
include: (1) simplified view of the global vertical heat budget, associated with the
well-know meridional overturning circulation and ventilation pathways; (2) indepen-
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dence of model resolution, facilitating a direct comparison between coarse resolution
models (such as presented in CMIP5) and high-resolution models (eddy-permitting
and eddy-resolving), expected to be included in CMIP6; and (3) reconciliation with
the classical advective-di↵usive balance, which is used in simple climate models (e.g.
Meinshausen et al., 2011) that are essential to produce information to help decision-
making related with climate impacts, and in the generation of forcing scenarios of
future climate pathways.
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Bakun, A., Black, B. A., Bograd, S. J., Garćıa-Reyes, M., Miller, A. J., Rykaczewski, R. R.,
and Sydeman, W. J. (2015). Anticipated E↵ects of Climate Change on Coastal Upwelling
Ecosystems. Current Climate Change Reports, 1(2), 85–93.

Banks, H. T. and Gregory, J. M. (2006). Mechanisms of ocean heat uptake in a coupled
climate model and the implications for tracer based predictions of ocean heat uptake.
Geophysical Research Letters, 33(7), 3–6.

Barton, E. D., Field, D. B., and Roy, C. (2013). Progress in Oceanography Canary current
upwelling : More or less ? Progress in Oceanography , 116, 167–178.

Belkin, I. M. and Gordon, A. L. (1996). Southern Ocean fronts from the Greenwich meridian
to Tasmania. Journal of Geophysical Research, 101(C2), 3675–3696.

Bi, D. (2002). Transient and Long-Term Behaviour of the World Ocean under Global Warm-
ing . Ph.D. thesis, University of Tasmania.

Bi, D., Dix, M., Marsland, S., O’Farrell, S., Sullivan, A., Bodman, R., Law, R., Harman,
I., Srbinovsky, J., Rashid, H., Dobrohoto↵, P., Mackallah, C., Yan, H., Hirst, T., Savita,
A., Woodhouse, M., and Fiedler, R. (????). Configuration and spinup of ACCESS-CM2,
the new generation Australian Community Climate and Earth System Simulator Coupled
Model. Journal of Southern Hemisphere Earth Systems.

Bi, D., Marsland, S. J., Uotila, P., O’Farrell, S., Fiedler, R., Sullivan, A., Gri�es, S. M.,
Zhou, X., Hirst, A. C., and Farrell, S. O. (2013a). ACCESS-OM: the ocean and sea-
ice core of the ACCESS coupled model. Australian Meteorological and Oceanographic
Journal , 63(January), 213–232.

Bi, D., Dix, M., Marsland, S. J., O’Farrell, S., Rashid, H. a., Uotila, P., Hirst, A. C.,
Kowalczyk, E., Golebiewski, M., Sullivan, A., Yan, H., Hannah, N., Franklin, C., Sun,
Z., Vohralik, P., Watterson, I., Zhou, X., Fiedler, R., Collier, M., Ma, Y., Noonan, J.,
Stevens, L., Uhe, P., Zhu, H., Gri�es, S. M., Hill, R., Harris, C., Puri, K., and Farrell,
S. O. (2013b). The ACCESS coupled model: description, control climate and evaluation.
Australian Meteorological and Oceanographic Journal , 63, 41–64.
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J. G., Dangendorf, S., Desbruyères, D., Döll, P., Domingues, C., Falk, U., Famiglietti,
J., Fenoglio-Marc, L., Forsberg, R., Galassi, G., Gardner, A., Groh, A., Hamlington,
B., Hogg, A., Horwath, M., Humphrey, V., Husson, L., Ishii, M., Jaeggi, A., Jevrejeva,
S., Johnson, G., Kolodziejczyk, N., Kusche, J., Lambeck, K., Landerer, F., Leclercq, P.,
Legresy, B., Leuliette, E., Llovel, W., Longuevergne, L., Loomis, B. D., Luthcke, S. B.,
Marcos, M., Marzeion, B., Merchant, C., Merrifield, M., Milne, G., Mitchum, G., Moha-
jerani, Y., Monier, M., Monselesan, D., Nerem, S., Palanisamy, H., Paul, F., Perez, B.,
Piecuch, C. G., Ponte, R. M., Purkey, S. G., Reager, J. T., Rietbroek, R., Rignot, E.,
Riva, R., Roemmich, D. H., Sørensen, L. S., Sasgen, I., Schrama, E. J., Seneviratne, S. I.,
Shum, C. K., Spada, G., Stammer, D., van de Wal, R., Velicogna, I., von Schuckmann,
K., Wada, Y., Wang, Y., Watson, C., Wiese, D., Wij↵els, S., Westaway, R., Woppelmann,
G., and Wouters, B. (2018). Global sea-level budget 1993-present. Earth System Science
Data, 10(3), 1551–1590.
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Döös, K., Nilsson, J., Nycander, J., Brodeau, L., and Ballarotta, M. (2012). The World
Ocean Thermohaline Circulation. Journal of Physical Oceanography , 42(9), 1445–1460.
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