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Abstract

This study aims to determine the role of the shallow and deep circulations in the tropical Pacific Ocean

heat budget, under both unperturbed and transient climate conditions. The transient response of the

ocean is evaluated by performing explicit flux experiments, whereby perturbations to the surface fluxes

of momentum and heat are applied to the surface of the ocean. In equilibrium conditions, the overall

balance of the column is achieved as the residual between advective cooling and warming by vertical

di↵usive mixing. The main contribution to the balance is by far achieved by the shallow ocean, with

nearly 85% and 72% of the balance in the Northern and Southern Hemisphere, respectively. Under wind

stress perturbations, net imbalance in both hemispheres is due to enhanced advective cooling largely

compensated by vertical di↵usive warming (i.e. a strengthened upwelling-di↵usive balance). In both

hemispheres, imbalances are mainly confined within the shallow ocean (! 60% and ! 70% in the Northern

and Southern Hemispheres respectively). The last is in accordance with the observed strengthening of

the Shallow Overturning Cell and a significant weakening of higher latitudes dense water production. So

strengthened shallow overturn in the North Pacific reduces northward transport out of the cell, reduc-

ing the deep ocean ventilation. The wind stress perturbation enhances the dominant upwelling-di↵usive

balance with the cell cooling the shallow ocean. Under heat flux perturbations, total warming imbalance

is set primarily by strengthened vertical di↵usive warming in both hemispheres. However, while in the

Northern Hemisphere the shallow ocean held nearly 70% (0.66 PW) of the total net warming imbalance,

the Southern Hemisphere only accounts for 10% of the imbalance (1.20 PW). Observed warming tenden-

cies are arguably explained in terms of mass and heat transport changes. Intensification of the shallow

overturn is observed in both experiments, however, while under the wind stress perturbation is observed

in the Southern Hemisphere given the strong positive wind stress anomaly in the Southern Ocean, in the

case of the heat flux perturbation experiment, the main circulation change is observed in the Northern

Hemisphere, arguably explained by increased tropical water mass transport given by subsurface Western

Boundary Current.
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To my friends and family in México, but especially to my parents for their love and patience.

ii



To the ICTP and the United Nations Educational, Scientific and Cultural Organization (UNESCO) which

through scholarship funding and the scientific contractual agreements allow me to achieve and complete

my Ph.D. research project. I also greatly acknowledge the support from the European Union taxpayers

and particularly the Italian people who covered part of my scholarship.

To the sta↵ in charge of maintaining and running Argo HPC cluster in ICTP, a fundamental part of the

data production and analysis in this thesis.

We acknowledge the NOAA’s Geophysical Fluid Dynamics Laboratory (GFDL) which together with the

ocean and climate community continues to develop and sustain the Modular Ocean Model (MOM). We

also acknowledge the use of the Ferret program for analysis in this work. Ferret is a product of NOAA’s Pa-

cific Marine Environmental Laboratory (information is available at http://ferret.pmel.noaa.gov/Ferret/).

We acknowledge the World Climate Research Programme, which, through its Working Group on Coupled

Modelling, coordinated and promoted CMIP6. We thank the climate modeling groups for producing and

making available their model output, the Earth System Grid Federation (ESGF) for archiving the data

and providing access, and the multiple funding agencies that support CMIP6 and ESGF. The FAFMIP

code modifications are part of the general release of MOM5 available at https://github.com/mom-

ocean/MOM5. All data can be made available upon request.

Finally, to the open-source and free software developers of Python, NumPy, matplotlib, LATEX, git, and

Vim. Without the constant e↵ort of all of them, science production as we know it nowadays wouldn’t be

possible.

iii



And what it is now that youÕve got to give?

What is it that youÕve learned, what youÕre able to do?

I can think. I can wait. I can fast.

ThatÕs everything?

I believe thatÕs everything.

- From Hermann HesseÕs Siddhartha -

iv



Contents

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv

1 Introduction 1

1.1 Subject and Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 The Ocean Heat Balance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 The Large-scale Ocean Circulation and the Meridional

Overturning Circulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3.1 The Shallow Overturning Circulation . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3.2 The Pacific Ocean . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4 Outline of the Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Data and Methods 10

2.1 Numerical Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1.1 Anomalous Heat Flux Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2 The Vertical Regimes in the Tropical Pacific Ocean . . . . . . . . . . . . . . . . . . . . . . 16

2.2.1 Ocean Heat Budget Calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2.2 Subtropical Wind-driven Meridional Heat Transport . . . . . . . . . . . . . . . . . 21

2.2.3 Meridional Mass and Heat Transport Calculation . . . . . . . . . . . . . . . . . . . 22

3 Results and Discussions 25

3.1 Preliminary Analysis: Model Assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

v



3.1.1 Surface Boundary Heat Fluxes and Balance . . . . . . . . . . . . . . . . . . . . . . 25

3.1.2 Ocean Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.1.3 Ocean Heat Uptake . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.1.4 Dynamic Sea Level . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.1.5 Dynamic Sea Level and Ocean Heat Content . . . . . . . . . . . . . . . . . . . . . 34

3.1.6 Ocean Heat Transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.1.7 The Meridional Overturning Circulation . . . . . . . . . . . . . . . . . . . . . . . . 39

3.2 Heat Budget Analysis for the Global Interior Ocean . . . . . . . . . . . . . . . . . . . . . 41

3.2.1 Determination of Vertical Level for the Heat Budget Integration . . . . . . . . . . 41

3.2.2 Ocean Interior Heat Budget . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.2.3 Latitudinal Integration of the Interior Ocean Heat Budgets . . . . . . . . . . . . . 47

3.3 Tropical Pacific Ocean Heat Budget and the Role of Shallow and Deep Circulations . . . 50

3.3.1 The Tropical Ocean Heat Budget . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.3.2 Tropical Pacific Ocean Heat Budgets . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.3.3 The Shallow Wind-driven Overturning Circulation in the Pacific Ocean . . . . . . 60

3.3.4 Heat Transport by the Shallow Wind-driven Overturning Circulation . . . . . . . . 65

3.3.5 Shallow and Deep Meridional Transports . . . . . . . . . . . . . . . . . . . . . . . 67

4 Summary and Conclusions 82

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

vi



List of Figures
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Current. The vertical dashed line defines the separation between the Western Boundary
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Interior Ocean (INT) to the right, where most of the equatorward transport takes place.
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1.2 Di↵erences between the schematic representation of the Meridional Overturning Circula-

tion. (a) Schematic representation of the MOC which does not include the low-latitude

Wind-driven Shallow Cells. Circulation branches included are the upper deep waters (yel-

low), deep waters including NADW (green), and bottom waters (blue). Mixing processes

associated with topography are indicated by the vertical squiggly arrows. The zonally

averaged oxygen distribution is superimposed, with yellows indicating low values (older

water), and purples indicating high values (ventilated water). The zonally averaged oxy-

gen distribution is superimposed, yellows indicating low values and hence older water, and

purples indicating high values and hence recently ventilated water. The neutral density

surfaces are indicated and used it as a rough division between the two cells. Mixing pro-

cesses associated with topography are indicated by the vertical squiggly arrows. The figure

has been taken from Marshall, Speer (2012). (b) Schematic of the overturning circulation

which includes the shallow overturning cells in the tropics and subtropics. The impor-

tant physical processes represented are the upper ocean and thermocline (purple), denser

thermocline and intermediate water (red), Indian Deep Water and Pacific Deep Water

(orange), North Atlantic Deep Water (green), Antarctic Bottom Water (blue), and the
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on the western side of the basin are shown. The Equatorial upwelling and the Subtropical

downwelling are represented by the white upward arrow and by the white downward ar-
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Chapter 1

Introduction

1.1 Subject and Motivation

Dynamical processes controlling ocean uptake involve an interplay between ocean ventilation, stratifica-

tion, and circulation driven by the wind and buoyancy forcing (Pedlosky, 2013). Nevertheless, our current

understanding of the spatial distribution of ocean heat uptake and storage is limited, based on the lag

in reliable observations of ocean heat content and the generally large biases in the coupled atmosphere-

ocean general circulation models compare to ocean-sea ice models (Huguenin et al., 2022). However,

ocean heat uptake is not a passive process. The evolution of ocean temperature shapes the reservoirs of

heat controlling how atmospheric radiative forcing drives surface heat input so a↵ecting the reservoir of

heat in the ocean (Garuba, Klinger, 2016). In fact, observations suggest that since the early 1990s, the

rate of ocean warming has likely doubled (Huguenin et al., 2022). Moreover, during the last 50 years

between 80-90% of the earth’s radiation imbalance due to anthropogenic forcing has been absorbed by

the ocean (Levitus, 1982; Kuhlbrodt et al., 2015)

Given the last, changes in the net surface heat flux and the convergence of the anomalous vertically

integrated ocean heat transport determine not only the surface pattern of warming but also the rate of

heat uptake by the ocean (Huguenin et al., 2022). The last is expected to lead the global-mean sea-level

rise due to thermal expansion in response to climate change and the magnitude of ocean heat uptake

(Gregory et al., 2016; Church et al., 2013; Clark et al., 2015). Therefore it is relevant to understand

the processes involved in setting the ocean heat uptake. In accordance with the above, a complete

understanding of the mechanisms that lead to ocean heat uptake may include on one hand detailed

understanding of the di↵erent ocean heat transport processes by dominant circulation patterns and on

the other detailed process-based analysis of the ocean heat balance (Exarchou et al., 2014; Kuhlbrodt

et al., 2015).
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1.2 The Ocean Heat Balance

In general, the ocean heat balance is achieved between three kinds of processes, advection, di↵usion, and

vertical mixing (Vallis, 2017; Cushman-Roisin, Beckers, 2011). In the equilibrium state, while vertical

mixing redistributes heat only within each column, advection and di↵usion move it horizontally as well.

Moreover, since the total heat content of the ocean does not change all three of these processes are

conservative (Gregory, 2000). In the global mean, based on coarse-resolution and eddy-permitting climate

models analysis, heat convergence in most of the ocean interior is explained by downward fluxes from

large-scale advection and upward fluxes caused by mesoscale eddy advection in the mean state (Gregory,

2000; Kuhlbrodt et al., 2015; Exarchou et al., 2014; Dias et al., 2020).

According to the distribution of the joint e↵ect of these processes (often called residual advection) the

world ocean could be divided into three major latitude bands, lower latitudes (between 30oN and 30oS)

where the interior ocean is mainly cooled by advection and heated by di↵usion (ie. upwelling-di↵usive

balance), the Southern Ocean (south of 30oS), where advective heating is mainly o↵set by di↵usive

cooling and partly by vertical mixing, and the region of the Northern Ocean (north of 30oN), with

similar balance arrangement plus a relatively more important vertical mixing contribution (Gregory,

2000). Given the last, the global mean heat convergence is largely held between the Southern Ocean

(60%) and the Northern Oceans (30%), while the remaining contribution is accounted for by the lower

latitudes as an upwelling-di↵usive balance (Gregory, 2000; Exarchou et al., 2014; Kuhlbrodt et al., 2015;

Dias et al., 2020).

Despite the relative importance of the residual advection in setting the global heat budget, previous

studies have discussed additional mechanisms a↵ecting the global heat balance, such as isopycnal mixing.

This is particularly the case in the Southern Ocean where most water mass convergence and associated

heat transport are predominantly achieved by the wind-driven mean circulation and upward heat fluxes

along sloping isopycnals (Gregory, 2000). Despite isopycnal di↵usion being negligible at low latitudes

interior ocean, there is also an important isopycnal heat exchange related to shallow wind-driven ver-

tical circulation by mid-latitude downwelling of surface water along tilted isopycnals within the surface

subtropical cells.

Hence, these major drivers of the overall heat budget could be combined into one single advective term,

the super residual advection (Dias et al., 2020). The addition of residual advection and isopycnal mixing

is based on the fact that most of the large-scale circulation takes place along isoneutral surfaces, and

both eddy-induced advection and subgrid-scale isopycnal mixing could be considered di↵usive processes

along isopycnals (Kuhlbrodt et al., 2015).
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Using the super residual advection framework, Dias et al. (2020) divided the global ocean heat budget

into two opposite regimes, the upper ocean, and the interior regimes. The upper ocean regime dominates

poleward of 35o and explains most of the residual advection global balance. In contrast, the interior

regime is mainly held at low latitudes as an upwelling-di↵usive balance. The connection between both

regimes is given by the redistribution of upper mixed layer waters along isopycnal surfaces and the mixing

of this water with adjacent water masses in the interior ocean (Dias et al., 2020).

More recently, following the same formalism but using analyzing the overturning circulation in a

temperature and depth space Savita et al. (2021) confirmed that on the global scale, the super residual

advection is the main upward cooling process. However, based on the significant di↵erences between their

coarse-resolution implementation and a finer-horizontal-resolution implementation (two times larger) it is

also suggested the strong dependence super residual framework heat balance to the parameterized small-

scale processes given the exclusion of small-scale three-dimensional turbulent mixing in the framework.

This framework has the advantage to describe the heat budget arrangement only in terms of temper-

ature tendencies, rather than explicit vertical velocities. However, this means in terms of the heat budget

determination alone, it also establishes a challenge in establishing a possible connection between this and

the di↵erent components of the ocean circulation.
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1.3 The Large-scale Ocean Circulation and the Meridional

Overturning Circulation

A full understanding of the ocean’s heat balance not only relies on the description of the di↵erent com-

ponents of the budget but also in the di↵erent mechanisms involved. The large-scale ocean circulation

is divided into a quasi-horizontal circulation, comprising the gyres and other surface and near-surface

currents, and the vertical circulation or the overturning circulation branches known as the Meridional

Overturning Circulation (MOC).

With regard to the quasi-horizontal circulation, the subtropical gyres are primarily wind-driven and

lie between 15o to 45o in both hemispheres, with a horizontal spanning of thousands of kilometers in

diameter in the zonal direction (Cushman-Roisin, Beckers, 2011; Pedlosky, 2013). The anticyclonic gyres

are present in each of the five ocean basins and their surface circulation is predominantly zonal. However,

given the combined e↵ects of the earth’s sphericity and rotation, all gyres have strong intense currents

at their western boundary. The western boundary currents move warm water poleward subducting into

the lower thermocline of the subtropical gyres around 30o latitude (Vallis, 2017; Talley, 2003, 2013) (Fig.

1.1)
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Figure 1.1: Schematic of the main surface currents of the world’s oceans. The panel at the left shows
the zonally averaged zonal surface winds. The red square insulates the North Pacific Subtropical Gyre
(STG) (the selection of the North Pacific gyre is arbitrary and it is enough to characterize all the other
gyres). The North Pacific STG is bounded in the north by the Subpolar Gyre (SPG) and in the south by
the Equatorial Circulation System (ECS). The Southern Hemisphere lacks an SPG given the presence of
the Antarctic Circumpolar Current. The vertical dashed line defines the separation between the Western
Boundary Current (WBC) to the left, where most of the poleward transport takes place, and the Interior
Ocean (INT) to the right, where most of the equatorward transport takes place. The figure has been
taken and modified from Vallis (2012).
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The other large-scale ocean circulation feature is the Meridional Overturning Circulation, a pivotal

component of climate that controls the rate at which ocean reservoirs of heat communicate with the

surface, di↵erent ocean basins and layers (Talley, 2013; Marshall, Speer, 2012; Klinger, Haine, 2019).

The overturning circulation is a response to variations in surface buoyancy, where the densest water

at the surface sinks and moves away from the sinking region at depth (Vallis, 2012, 2017) (Fig. 1.2a).

According to the di↵erent dominant driving mechanisms and the di↵erent ventilation rates along the

column, the global MOC is represented as the combination of three main conveyor cells, the North

Atlantic Deep Cell the Antarctic Bottom Cell and the Shallow Subtropical Cells in mid-latitudes.

(a)

(b)

Figure 1.2: Di↵erences between the schematic representation of the Meridional Overturning Circulation.
(a) Schematic representation of the MOC which does not include the low-latitude Wind-driven Shallow
Cells. Circulation branches included are the upper deep waters (yellow), deep waters including NADW
(green), and bottom waters (blue). Mixing processes associated with topography are indicated by the
vertical squiggly arrows. The zonally averaged oxygen distribution is superimposed, with yellows indicat-
ing low values (older water), and purples indicating high values (ventilated water). The zonally averaged
oxygen distribution is superimposed, yellows indicating low values and hence older water, and purples
indicating high values and hence recently ventilated water. The neutral density surfaces are indicated
and used it as a rough division between the two cells. Mixing processes associated with topography are
indicated by the vertical squiggly arrows. The figure has been taken from Marshall, Speer (2012). (b)
Schematic of the overturning circulation which includes the shallow overturning cells in the tropics and
subtropics. The important physical processes represented are the upper ocean and thermocline (purple),
denser thermocline and intermediate water (red), Indian Deep Water and Pacific Deep Water (orange),
North Atlantic Deep Water (green), Antarctic Bottom Water (blue), and the Bering Strait components
and Mediterranean and Red Sea inflows (gray). The figure has been taken from Talley (2013).
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The North Atlantic Deep Cell circulation is triggered by the loss of heat and therefore buoyancy to the

atmosphere. This cell is responsible for the formation and distribution of the North Atlantic Deep Water

(NADW). The main source of NADW is surface (thermocline) waters which move northward, ultimately

reaching the North Atlantic by advection with surface-driven buoyancy transformations (Talley, 2013).

The Antarctic Bottom Cell represents the main return path of this water from the interior ocean toward

the surface.

This is mainly through mechanical wind-driven upwelling in the Southern Ocean and by deep dif-

fusive heating in the Indian and Pacific Oceans (Marshall, Speer, 2012; Talley, 2013). This cell carries

the Antarctic Bottom Water (AABW) the densest water in the ocean. The AABW is formed by the

transformation of NADW which upwells to the upper ocean in the Southern Ocean, where it becomes

denser given the strong surface cooling in and formation of sea ice in Antarctica (Talley, 2013). The

AABW is mainly located in the Circumpolar Ocean where it flows through the major deep passages to

the rest of the oceans.

For many decades the dominant paradigm of the global overturning circulation emphasizes the role

NADW returned by upwelling in the Indian and Pacific Oceans, the so-called great ocean conveyor belt

circulation (Talley, 2013; Richardson, 2008) and references there. However, given the relatively recent

interest in the returning path from the interior ocean to the surface through upwelling in the Southern

Ocean (Marshall, Speer, 2012) the role of the Indian and Pacific Oceans has been sidelined (Fig. 1.2a).

In fact, given the volumetrically large upwelling in the Indian and Pacific Oceans from abyssal to deep

waters, the deep, diapycnal warming in the Indian and Pacific accomplishes most of the heating needed

to return NADW and AABW to the upper ocean (Talley, 2013) (See Fig. 1.2b).

Similarly, the Shallow Subtropical Cells in mid-latitudes, dynamical system largely driven by the

wind stress over the Subtropical Ocean (McCreary, Lu, 1994; Farneti et al., 2014; Gra�no et al., 2019),

which despite being present on every ocean basin it have being also sideline, probably because of its

reduced vertical reach (mainly confined within the thermocline). The last in contrast to the first two

cells, bottom and deep, arise from high latitude processes such as formation, downwelling, and advection

of intermediate, deep, and bottom waters (Talley, 2003; Ferrari, Ferreira, 2011).
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1.3.1 The Shallow Overturning Circulation

The Shallow Overturning Circulation is an upper ocean cell connected with the anticyclonic Subtropi-

cal gyre and driven by its easterly wind stress. The dominant cell circulation consists of equatorward

transport of cold water within the upper thermocline, followed by upwelling near the Equator and diver-

gent poleward flow in a shallow surface Ekman layer (Klinger, Marotzke, 2000; Talley, 2003; McPhaden,

Zhang, 2004; Zhang, McPhaden, 2006; McCreary, Lu, 1994). The circulation within the cells is generally

along isopycnals. Water parcels on shallow isopycnals outcrop within the subtropical gyre, interact with

atmospheric forcing as they flow around the gyre. In contrast, water in deeper isopycnals outcrops within

the subpolar gyre and does not have a direct isopycnic path to the subtropical gyre, being considered

unventilated (Pedlosky, 2013, 1990) (see Fig.2.3a).

The Shallow Overturning Circulation is responsible for a considerable amount of mass and heat

transports, particularly in the Pacific Ocean where the strong shallow circulation and the absence of a

deep MOC are the most notable features of the basin (Talley, 2003; Garuba, Klinger, 2016). In contrast,

to the Atlantic, in the Pacific Ocean, most of the volume and heat transports at subtropical latitudes

are associated with wind-driven subtropical gyres (Talley, 2003; Ferrari, Ferreira, 2011). Within the cell,

warm waters are advected poleward by the surface Ekman transport and Western Boundary Current

(WBC), eventually cooling and returning equatorward in the interior within the subducted layers above

the thermocline (Talley, 2003) (Fig. 2.3b). In fact, given the large amounts of heat entering the ocean

through the sea surface in the Pacific, the global ocean heat transport is dominated by heat export from

the tropical Pacific. Moreover, despite the Atlantic Ocean performing the largest ocean heat transport

(owing to the presence of the Atlantic MOC), the gyres system of the Pacific appears to redistribute

tropical heat uptake with similar e�ciency (Forget, Ferreira, 2019).

1.3.2 The PaciÞc Ocean

The Pacific Ocean is the largest of the three major oceans. It has well-developed wind-driven circulation

systems in the subtropics, subpolar and tropical regions. The mean surface wind is dominated by the

westerlies at latitudes poleward of about 30o and easterly trade winds at low latitudes. In the south,

it has open communication with the Southern Ocean, which connects it to the other ocean basins. In

fact, the Pacific is one of the broad regions of deep upwelling from other oceans, that returns deep water

to mid-depths and the surface, particularly of the conversion and redistribution of North Atlantic Deep

Waters (NADW) into lighter intermediate and surface waters (Holmes et al., 2019; Talley, 2013; Vallis,

2017).
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The strong surface circulation in the Pacific contrasts particularly with the absence of any strong deep

water formation and the weakened formation of intermediate water in the northern North Pacific. The

last is mainly because of the fact the Pacific is the freshest of the three major ocean basins (Talley, 2003).

Given the last, the heat transport in the Pacific is mainly held by the surface circulation (Boccaletti

et al., 2005; Talley, 2003; Klinger, Marotzke, 2000).

Using the velocity and temperature analysis Talley (2003, 1999) determined that most of the merid-

ional heat transport in the Pacific is given by the shallow overturning component, 70% (0.6 PW out of

0.8-PW) in the Northern Hemisphere and 66% (-0.38 PW out of -0.57 PW) in the Southern Hemisphere.

In both hemispheres, the shallow gyre overturn is mass-balanced with upper water from the WBC and

the rest of the total heat transport is accounted for by intermediate water formations. These are, the

North Pacific Intermediate Water, by the transformation of part of the Western Boundary Current water

which continues northward into the subpolar gyre, and Antarctic Intermediate Water in the Southern

Pacific, by the transformation of thermocline waters and eventually downwelling in the Antarctic.

In addition to the great capacity for storage, distribution, and release of heat (Gastineau et al., 2019;

Garuba, Klinger, 2016; Talley, 2003), the Pacific Ocean could play a leading contribution in setting

heat storage changes under di↵erent climate conditions. However, the role of shallow overturnings has

been largely neglected, since global heat storage changes are more often associated with the degree of

weakening or strengthening of the deep branch of the MOC (Banks, Gregory, 2006; Garuba, Klinger,

2016; Xie, Vallis, 2011; Gregory, 2000; Marshall et al., 2014). Given the prominent role of the subtropical

cell in the Meridional Overturning Circulation: the Pacific Ocean tropical heat budgets and the role of

the Wind-driven Shallow Overturning Circulation.

The last has been suggested by the recent global surface temperature warming slowdown during 1998-

2012, which according to recent studies it is likely to be associated with a global ocean heat redistribution,

particularly in the Pacific. Di↵erent numerical analyses suggest an enhanced wind-driven heat transport

convergence due to tropical Pacific wind stress anomalies as one of the causes (Gastineau et al., 2019;

Drijfhout et al., 2014; Easterling, Wehner, 2009). Variability in the global heat budget may respond in

the timescale of upper ocean variability (decades) rather than the typical timescales of deep meridional

overturning (centennial or longer). In particular, we aim to highlight the importance of ocean circulation,

which is suggested to control the transient heat uptake and vertical heat storage.
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1.4 Outline of the Study

Here we present a quantitative analysis of the role of each physical process in determining the heat

budget and transport of the tropical Pacific under control and climate change surface forcing anomalies.

In our framework, the tropical Pacific is divided into vertically dependent regimes based mainly on

dominant dynamical processes. We consider our procedure as a suitable characterization of the di↵erent

vertical regimes since it encompasses not only the thermohaline characteristics of the water column and

distribution of water masses but also the main dynamical features of the large-scale ocean circulation.

Using the maximum vertical extent of the shallow overturn allows us to isolate its influence from the

unventilated and remotely forced deep ocean.

In section 2 we describe the model used and our experimental set-up. Section 3 details the heat budget

calculation and the meridional transports of mass and heat. Despite some analysis does not contribute to

the main conclusions of this study in this section we also included the description of the Subtropical Cell

mass transport convergence in the tropical Pacific Ocean, and the subtropical wind-driven meridional

heat transport estimation. In Section 4 the preliminary and main results are presented and discussed.

Additionally, here we o↵er a brief description of all relevant results from our preliminary evaluation of

the numerical model. The last refers to the capacity of the model and the implemented forcing protocols

to represent the distribution and intensity of the main dynamical features of the ocean, such as the

Meridional Overturning Circulation under control and perturbation experiments. The main results related

to the preliminary analysis for the global interior ocean heat budgets are also included. The last refers

to the global (GLB) scale and for the individual Ocean basins, the Southern Ocean (SOC), the Atlantic

(ATL), the Pacific (PAC), and the Indian Ocean (IND). Moreover, a preliminary analysis to describe the

Pacific Ocean Subtropical Cell is also included. Results are presented for Northern Hemisphere (NH) and

the Southern Hemisphere (SH) separately. Finally, as the main results and discussions of this thesis, in

the last part of this section, we detail the main results of the study, the heat budgets calculation, and the

meridional transports of mass and heat in the tropical Pacific Ocean. Section 5 summarizes our findings.
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Chapter 2

Data and Methods

2.1 Numerical Protocol

All simulations were performed using the ocean general circulation model NOAA-GFDL Modular Ocean

Model (MOM) version 5 (Gri�es, 2012). The grid resolution is 1o in the horizontal, with a finer dis-

cretization between 30oS and 30oN. In the vertical, we used 50 levels in depth coordinates and 80 levels in

potential density coordinates, with level thickness increasing with depth. Subgrid mesoscale processes are

parameterized with the Gent-McWilliams skew-flux closure scheme (Gent, McWilliams, 1990; Gent et al.,

1995; Gri�es, 1998) and submesoscale eddy fluxes according to (Fox-Kemper et al., 2008, 2011). Vertical

mixing is represented with a K-profile parameterization (Large et al., 1994). This study aims at evalu-

ating the tropical Pacific Ocean response to surface heat, freshwater, and momentum flux perturbations,

and we follow the protocol proposed by the ocean-only Flux-Anomaly-Forced Model Intercomparison

Project (FAFMIP) (Todd et al., 2020) in order to avoid any atmospheric feedback in our results

FAFMIP is a component of CMIP6 with ten modeling groups participating as part of their con-

tributions to CMIP6, namely ACCESS (Australia), CCCma/CanESM (Canada), CNRM/CERFACS

(France), GFDL (USA), GISS (USA), IPSL (France), MIROC (Japan), MPI-ESM (Germany), MRI

(Japan), UKESM (UK). FAFMIP is an element of the science plan for the World Climate Research

Programme (WCRP) Grand Challenge on regional sea-level change and coastal impacts (Gregory, 2000).

The general goal of FAFMIP is to investigate the spread in simulations of sea-level and ocean climate

change in response to CO2 forcing by imposing model-independent surface flux perturbations imposed on

atmosphere-ocean general circulation models (AOGCMs). A limitation of the coupled FAFMIP design is

the additional and unknown atmosphere-ocean feedback introduced by the air-sea perturbations imposed

may lead to ocean circulation changes, that could lead to unrealistic sea surface temperature changes,

which in turn a↵ects the atmosphere (Gregory et al., 2016). This undetermined feedback could turn into

a particular issue in regions where the ocean circulation is tightly coupled to the surface buoyancy flux.
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The ocean-only protocol di↵ers from the previous FAFMIP ocean-atmosphere coupled version (Gre-

gory et al., 2016) since no surface restoring nor bulk formulae in either control or forced scenarios are used

in addition that here we used an ocean-only model instead of an Atmosphere-Ocean General Circulation

Model (AOGCM). The ocean-only FAFMIP framework represents a complement to the previous analysis

of Gregory et al. (2016) in ocean climate change in response to CO2 forcing by atmosphere-ocean general

circulation models (AOGCMs).

In our case, the protocol implies the integration of two separate spinup simulations. First, we per-

formed a millennial spinup simulation with sea surface salinity (SSS) restoring, second a long-term spinup

non-restored case toward near-equilibrium, and finally an onward 70 years integration of the second spin-

up. The first spinup is implemented in order to obtain statistically equilibrated initial conditions. The

ocean-sea ice model was integrated following the CORE-I protocol (Gri�es et al., 2009), using the ideal-

ized repeating Normal-Year-Forcing data set and bulk formulae from (Large, Yeager, 2004). The forcing

data set consists of single annual cycles of heat, freshwater, and momentum fluxes representative of clima-

tological conditions over decades, suitable for the study of low-frequency ocean variability with significant

seasonal and propagating synoptic variability. No sea surface temperature (SST) restoring was applied

and a weak sea surface salinity (SSS) restoring of two months is used in order to avoid spurious drifts.

A spin-up is performed by integrating the model towards a near-equilibrium state, using CMIP5

climatologies as forcing fields and the restoring of both sea surface temperature (SST) and sea surface

salinity (SSS) with time scales of two and three months, respectively (Todd et al., 2020).

After equilibrium, a restored Control simulation is obtained through additional 70 years of integration.

During this Control, total e↵ective air-sea heat fluxes and freshwater fluxes were stored at daily intervals,

including restoring-induced fluxes. Finally, a twin second Control is performed with surface restoration

deactivated and by prescribing the e↵ective heat and freshwater fluxes diagnosed from the first Control.

Di↵erences between both controls have been quantified and are negligible. The flux-forced Control is

used as the reference state, and will henceforth be referred to as the Control simulation.

Our sensitivity experiments are forced by FAFMIP surface flux perturbations, derived from a set of

13 CMIP5 AOGCMs, where each surface flux represents the transient response of the climate system

to a doubled CO2 concentration under the idealized scenario 1pctC02 (Gregory et al., 2016). Fields

are computed as the di↵erence between the climatological monthly time-mean of years 61-80 of 1pctCO2

and the corresponding time-mean of the non-evolving and unforced variability equilibrium state known as

pre-Industrial or piControl run (Taylor et al., 2011). Experiments adopted in this study include faf-stress,

faf-water and faf-heat (Fig. 2.1).
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Figure 2.1: Annual mean surface flux perturbations from FAFMIP. In a) arrows indicate the direction
of the surface momentum flux perturbation in faf-stress. In b) Surface freshwater perturbation in faf-
water c) heat flux perturbations for faf-heat are defined as positive downward, with positive values
representing warming of the ocean. The tropical Ocean considered in this study is bounded between 30oS
and 30oN (dotted lines). (d-f) Zonally averaged surface wind stress and heat fluxes. The equilibrium-
state, perturbations, and their joint e↵ect are shown in grey, red and black respectively.

All experiments are global, for a period of 70 years, branching o↵ from the control simulation and

are forced by the total control e↵ective surface fluxes plus the anomalous surface fluxes. The faf-stress

adds global zonal and meridional wind stress perturbations to the momentum balance equation, whereas

faf-water adds freshwater flux perturbations to the total water flux into seawater, and faf-heat adds heat

flux perturbations to the total surface downward heat flux.

Originally we applied a further experiment, the faf-all experiment, where the surface flux perturbations

of momentum, heat, and freshwater are simultaneously applied. However based on a series of preliminary

analyses, we have observed that in most of the cases, this experiment was equivalent to the linear sum

of each individual experiment result. Moreover, given a compensatory e↵ect between faf-stress and faf-

water, in most instances, faf-heat was enough to represent alone faf-all. Given the last, in more of the

instances results related to the mentioned experiment faf-all are not shown.
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Our forcing protocol for sensitivity experiments is similar to the one previously proposed by Marshall

et al. (2014) and Zika et al. (2018). However, while both studies considered more idealized surface flux

perturbations, the prescribed fields used here successfully encompass both pattern and magnitude of

expected changes projected by AOGCMs for doubled CO2 concentrations (Gregory et al., 2016). In

addition, while Marshall et al. (2014) was particularly interested in studying ocean-atmosphere feedback

(an aspect outside of the scope of this study), the procedure implemented by Zika et al. (2018) di↵ers

significantly from ours. As detailed above, our procedure considers an entire 70-year period of e↵ective

surface fluxes, whereas Zika et al. (2018) used 10 repeated cycles of nearly-equilibrated explicit surface

fluxes as forcing fields.

FAFMIP anomalies are not very large in tropical regions. However, they represent a multi-model

mean response to a doubled CO2 concentration and thus are relevant for assessing how tropical Pacific

heat budget and transport might respond in a future climate.

Momentum flux perturbations are positive both eastward and northward, while the heat flux is defined

as positive downward into the ocean (Fig. 2.1). Fluxes represent the ultimate response from the coupled

climatic system since all the members of the model ensemble include both ocean-atmosphere interactions

and could be easily used in a simple ocean model. The dominant wind stress perturbation in faf-stress

is the strengthening and poleward-shifting of westerlies in the SOC (Fig. 2.1a,b) and anomalies tend to

oppose the climatological mean at low latitudes. Although weak, the reduction in easterlies in the tropics

and in westerlies in the subtropics is expected to lead to a slow-down of the wind-driven circulation, also

implying weakening of the interior geostrophic returning flow.

The dominant freshwater perturbation in faf-water is the strengthened precipitation in the Equator

and at mid-to-high latitudes, and strengthened evaporation in the subtropics. The freshwater flux per-

turbation is the sum of precipitation, evaporation, river inflow, and water fluxes between floating ice and

seawater. The heat flux perturbations (faf-heat) are mainly located in the North Atlantic and Southern

Ocean (Fig. 2.1c,d). In both regions, perturbations imply a weakening of the negative net surface heat

fluxes (Gregory et al., 2016). Heat anomalies are not very large within the tropics, however strong signals

are located in the subtropics, implying a weakening of the negative net surface heat flux in those regions.

Hence, given that the tropical net heat flux remains almost unperturbed, regional heat imbalances could

arise due to remote e↵ects. The heat flux perturbation into the seawater surface, or surface downward

heat flux in seawater, is the sum of net downward radiative fluxes, sensible and latent heat fluxes to the

atmosphere, and heat fluxes between sea ice and seawater.
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2.1.1 Anomalous Heat Flux Treatment

Imposing a heat flux perturbation by adding it to the ocean surface layer may produce a strong negative

change in the net surface heat flux into the ocean. By the use of a passive temperature tracer, we

avoid direct e↵ects on sea surface temperature distribution but instead allow feedback due to changes

in circulation, since the tracer is transported by all the same processes as temperature as Bouttes et al.

(2013) and Gregory et al. (2016) (see Fig. 2.2 for a schematic representation).

Figure 2.2: Methods for treating the surface heat flux in faf-heat and faf-all. The method represents
method B of Gregory et al. (2016) where the redistributed heat tracer TR is used to prescribe the SST.
Figure modified from Gregory et al. (2016)

The passive tracer formulation consists of the separation of ocean temperature into contributions due

to redistribution temperature and surface heat flux anomalies and those due to the passive advection and

mixing of surface heat flux anomalies (Garuba, Klinger, 2016). The prescribed surface heat flux applies

to both temperature and the tracer, however, the last does not receive the perturbation heat flux. The

tracer is initialized as the background temperature field and supplies the surface temperature for the

atmosphere. A second temperature tracer rather initialized with zero background field and forced only

by the anomalous heat is included as a way to reveal where the extra heat from the heat flux perturbation

is stored in the ocean. This tracer is advected by the existing velocity field as well, however, because

of the background distribution, the tracer can only spread out from its source region (Banks, Gregory,

2006).
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We expressed the temperature change in terms of passive and active components. We isolate the

passive and active (redistributive) temperature anomalies (Xie, Vallis, 2011; Garuba, Klinger, 2016).

Temperature (T) advection-di↵usion equation which for generalized velocity and surface heat flux Q can

be written as

"T
"t

= Q " $ á (vT) (2.1)

For the perturbation experiment, writing variables in terms of the initial equilibrium value (overbars)

and an anomaly (primes) expression is

"
"t

(T + T") = Q + Q" " $ á
�
vT + vT" + v"T + v"T "� (2.2)

Perturbation temperature anomaly is expressed with respect to the equilibrium state (because T" =

T " T) so

"T "

"t
= Q" " $ á

�
vT" + v"T " + v"T

�
(2.3)

Perturbation temperature anomaly is further partitioned between a passive component denoted as

TA , and redistributive component denoted as TR

"T A

"t
+

"T R

"t
= Q"

A + Q"
R " $ á

�
vT"

A + vT"
R + v"T

�
(2.4)

The passive component is defined as a tracer that is forced by a surface flux Q"
A and advected by

the same velocity field as T" Is defined as the advection of surface flux anomalies by the perturbation

circulation v + v" so Q"
A = 0 then T"

A = 0

"T A

"t
= Q"

A " $ á (vT"
A ) (2.5)

Since T"
R = T" " T"

A and Q" = Q"
A , redistribution temperature anomaly is

"T R

"t
= "$ á

�
v"T + vT"

R

�
(2.6)

then only forcing term for T"
R is the v"T , which represents advection of the original equilibrium

temperature gradients by the perturbation velocity. Since redistribution anomaly has no surface forcing,

T"
R moves of heat within the ocean do not imply changes in total ocean heat content.
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2.2 The Vertical Regimes in the Tropical PaciÞc Ocean

The tropical Pacific Ocean is vertically divided into depth-dependent integrals representative of shallow

and deep circulations. The shallow ocean, involving the Subtropical Overturning Cells, spans in both

hemispheres from the tropics up to the mid-latitudes where the subduction of surface water takes place

(McPhaden, Zhang, 2004), around 32o in our model. In the latitudinal extend, the shallow ocean extends

from near the Equator up to the latitude of minimum zonal wind stress (32oN and 30oS respectively).

In the vertical, it is bounded at the top by the mixed layer and at the bottom by the deep Ocean.

Here, mixed layer depth estimation consists of the determination of the vertical level at which temperature

change from the surface is equal to 0.5 oC, as suggested by Levitus (1982). The upper-ocean mixed layer

is the layer that directly interacts with the atmosphere. Mixed by both wind and surface buoyancy

forcing, the mixed layer operates the air-sea interface, connecting the ocean and atmosphere through the

transfer of mass, momentum, and energy (Taylor et al., 2011).

Considering active mixing occurring along at all depths and at all times inside the mixed layer,

properties such as temperature show a nearly vertically uniform distribution within the layer. So our

definition of the shallow ocean is based on the determination of the dominant circulation system in the

region and it is particularly in contrast to the use of a rather arbitrary determination of the upper ocean

based on the mixed layer.

In fact, in the past Gregory (2000), have suggested according to the rather non-well-defined isothermal

nature of the mixed layer (given the highly variable depth reach in both time and space) that the mixed

layer is not an appropriate definition of the upper ocean (Gregory, 2000). Despite the last, his definition

of the upper ocean lacks any circulation constraint, since he identified the upper ocean by examination

of the temporal correlation of the heating rates for each ocean layer (model levels) with the surface (top-

level) heating rate. In that way, he simply defined the upper ocean as the top 100-m (down to level 7)

based on the sharp demarcation of an uncorrelated lower ocean.

In contrast, here the deep ocean is defined as the region of the water column below the deepest

vertical limit of the shallow overturn (Fig. 2.3a). As suggested by (Talley, 2003), we defined the base of

the shallow overturn as the maximum subducting level at the subtropical gyre. The definition implies

using meridional zonally integrated Sverdrup circulation sections and determining either the vertical level

at which the three-dimensional transport is nearly zero or simply by determination of the deepest closed

streamline. Our definition for the shallow overturn considers all vertical levels away from the influence

of both the surface mixed layer and MOC deep branches. Once the mixed layer depth and the base of

the overturn are determined, the separate contribution from the shallow circulation can be estimated,

minimizing the influence of both atmosphere and the deep ocean.
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Figure 2.3: Schematic representations of the Pacific Ocean Shallow Wind-driven Meridional Overturning
Circulation. (a) The time-mean and zonally-integrated Meridional Overturning Circulation. The time-
mean isopycnal field (gray contours) and mean mixed layer depth (red line) are also shown. Both
upper poleward and lower equatorward branches are represented by horizontal white arrows. Equatorial
upwelling and Subtropical downwelling flow required to close overturning circulation are also shown
(upward and downward white arrows). (b) Bird’s eye view of the time-mean meridional circulation
and di↵erent branches of the meridional overturn. The warm upper poleward Ekman transport (white
arrows), the cold lower equatorward geostrophic interior transport (black arrows), and the subsurface
Western Boundary Current contribution to the upper poleward transport (gray arrows) on the western
side of the basin are shown. The Equatorial upwelling and the Subtropical downwelling are represented
by the white upward arrow and by the white downward arrows, respectively. Contours represent the
time-mean zonal wind stress. (c) Schematics of the zonal section of the Shallow Overturning Circulation
inside the Subtropical Gyre, for the Northern Hemisphere across 24oN. The same applies to the Southern
Hemisphere but inverting the signs. The Schematic is divided into surface poleward transport, the
Western Boundary Current transport (WBC), and the interior equatorward transport. Balance inside
the overturning cell excludes transport within deeper levels of the WBC (shaded area), which flows outside
the gyre towards the subpolar region.
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2.2.1 Ocean Heat Budget Calculation

The following provides a diagnostic accounting of the ocean heat budget for a grid cell in the model.

The relative contribution of each physical process to the overall heat budget, concerning the equilibrium-

state and perturbed climate conditions, is quantified using the three-dimensional process-based tendency

diagnostics for prognostic temperature (Gri�es et al., 2016; Dias et al., 2020). Such a procedure allows

us to determine in physical terms the processes in charge of setting the overall heat storage balance.

The time tendency for the heat content in a grid cell per unit horizontal area expressed as a semi-

discrete finite volume formulation within the grid cell, is

Cp#0
" (T dz)

" t
= Q " $ á [#0dz(uT + F)] (2.7)

where T represents the temperature of a grid cell, Cp is the heat capacity coe�cient, #0dz is the mass of

seawater per horizontal area in a grid cell with #0 being the reference density, and dz the grid cell thickness.

The tracer fluxes associated with advective and non-advective boundary fluxes (Qadv and Qnon ! adv ) at the

surface of the ocean are represented as Q, which in our case is zero since our formulation accounts only for

grid cells far enough from the surface fluxes. Generalized three-dimensional velocity is expressed as u while

F accounts for the advective and parameterized subgrid-scale processes, including circulation, di↵usion,

eddies, and vertical mixing. The tracer formulation’s vertical extent is time-dependent, which implies

each heat budget term scales according to the thickness of the cell. In contrast, the horizontal cross-

sectional area is time-independent, which implies area normalization if the tracer grid cell is multiplied

by the horizontal area.

The time tendency for the heat content for each grid cell over an ocean column arises as the convergence

of advective processes (uT) in addition to subgrid-scale heat fluxes (F) (Eq. 2.7 and Fig. 2.4), and the

net time tendency for the heat content is represented as the convergence of the general tracer flux Fxz

and is expressed as

" t Tnet = Fxz = " t Tadv + " t Teddy + " t Tisopycnal + " t Tdiapycnal + " t Tswh . (2.8)

Here, " t Tnet represents the model diagnosed tracer for the time tendency in a grid cell, and is equivalent

to the temperature time-derivative in the advective-di↵usive equation, or can be expressed in terms

of a generalized tracer flux F, which is the convergence of advective or subgrid-scale fluxes crossing

grid cell faces. The diagnosed advective processes account for the model prognostic advection (" t Tadv )

and parametrized eddy-induced advection (" t Teddy ), including both mesoscale and submesoscale flux

components (Fox-Kemper et al., 2008, 2011; Gent, McWilliams, 1990).
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Figure 2.4: Schematic representation of the heat content time tendency for a discrete grid cell along an
ocean fluid column (based on (Gri�es et al., 2016)). Here the ocean fluid column surface spans from the
surface (z = ! ) to the bottom (z = " H ), the horizontal extent is represented by the generalized coordinate
x (ie. either for zonal or meridional directions) while the vertical domain is defined by time-dependent
surfaces of constant generalized vertical coordinates s. The horizontal boundaries of a grid cell are at
xi and xi + 1. In the vertical, domain boundaries of a grid cell are defined by time-dependent surfaces
of constant generalized vertical coordinates sk and sk+1 . General tracer flux F (advective or subgrid-
scale flux) represents the horizontal and vertical flux crossing grid cell faces (Fx and Fz respectively).
Time-evolution of tracer content within the cell is determined as the tracer flux converges onto a grid
cell, represented as " t Tn , with n standing for the time tendency for the heat content, advective processes,
or any other subgrid-scale heat fluxes. Heat fluxes across the boundary domain are surface advective
plus non-advective fluxes (Qadv + Qnon ! adv ) at the top of the ocean and bottom heat fluxes (Qbottom )
at the bottom of the ocean. The shortwave flux penetration into the ocean column is included and it is
represented by swh.

Within the diagnosed di↵usive mixing processes, we distinguish among isopycnal (" t Tiso ) and diapy-

cnal mixing (" t Tdia ). The first refers to di↵usion oriented along neutral or isopycnal surfaces and the

second encompasses vertical convection and vertical di↵usion, including parameterization of diapycnal

di↵usion due to tidal mixing, shear instabilities, double di↵usion, mixing due to convective instabilities

and the overflow parameterization of dense water flowing down topographic slopes.

Since our formulation does not take into account mixed layer depths, contributions related to the non-

advective radiative transfer are neglected. In contrast, we included a diagnostic related to parameterized

oceanic absorption of downward solar radiation (" t Tswh ). This term stands for shortwave heat flux at the

bottom of a tracer grid cell face, generally expressed as the attenuated downwelling shortwave radiative

heat per unit area incident at the ocean surface. Due to the similar nature of both contributions, the

diapycnal mix, and the shortwave heat penetration terms are grouped together and presented as a vertical

di↵usive processes term (vDIFF). The expression " t Tnet stands for both the iterated model diagnosed term

and the linear sum of all the di↵erent components. By construction, temperature tendency diagnostics

should close the heat budget. However, both estimations are not necessarily equivalent implying a heat

budget residual.
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Imbalances can be explained in terms of two non-quantified contributions, namely non-diagnosed

processes (di↵usive mixing) and non-resolved high-frequency variability (i.e. interannual variability).

In particular, non-local turbulent vertical flux boundary layer parameterization, overflow schemes, and

mixing across unresolved straits as contributors to such imbalance (Gri�es et al., 2016). Despite such

components are indeed diagnosed by the model, those quantities are not considered in our analysis, since

they have been quantified to be small. In contrast, the component related to the so-called interannual

variability is explained in terms of an inaccurate closure budget due to the time scale on which tendencies

are saved.

All diagnostics used here are saved as annual averages despite they are diagnosed in the model at each

time step. In order to close the budgets, such contribution is added to the vertical di↵usive component

given the di↵usive mixing nature of the non-diagnosed terms. It is important to note that imbalances do

not arise because of model drift. In the equilibrium-state, the global mean net tendency is near-to-zero

but not exactly zero, a common feature among global climate models due to the typically longer time

scales required for the deep ocean to reach equilibrium (Exarchou et al., 2014). Such contributions are

rather small with no significant impact on the determination of the budgets. In contrast, we refer to

imbalances as any transient change (warming or cooling) in the ocean heat content time rate of change

(heat storage) derived from the perturbed climate conditions.

Here, we are interested in grouping all of the advective terms together, so that the super residual

advection encompasses the contribution from the parameterized flow, and the super residual advection

(srADV) is defined as " t TsrADV = " t Tadv + " t Teddy + " t Tisopycnal .

Lastly, previous studies have adopted weighting functions in the time domain to assess changes between

the first and last decade of the experimental period (Gregory et al., 2016; Todd et al., 2020). In our study,

we are interested in the transient response of the ocean and none of the results make use of any type of

weighting and the transient response of each heat budget is evaluated relative to the equilibrium state

solution.
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2.2.2 Subtropical Wind-driven Meridional Heat Transport

The wind-driven meridional overturning circulation is not only responsible for considerable meridional

mass transport but also heat (Klinger, Marotzke, 2000). The strength of the meridional overturning or

subtropical cell depends only on the wind stress over the subtropical ocean (McCreary, Lu, 1994). Motion

within the cell is known to be concentrated in the thermocline with dominant wind-driven circulation

consisting of flow sliding down isotherms equatorward at the outcrop latitude of the thermocline (Klinger,

Marotzke, 2000).

In accordance with the last, the subtropical wind-driven meridional heat transport is derived based

on the relationship among meridional volume transport, Ekman pumping, and surface temperature, the

last since thermal anomalies can be driven at the equator by changing the strength of the circulation and

the other way around (Gra�no et al., 2021). A theoretical expression for the subtropical wind-driven

meridional heat transport (PW # 1015 W) derived from the momentum balance in the Ekman Boundary

Layer (Klinger, Marotzke, 2000) is expressed as follows

HST C (y) = " Cp

Z ! 2

! 1

dx
Z y2

y1

$x

f (y)
"%
"y

dy (2.9)

where Cp (# 3992.1 J kg oC) represents the heat capacity for seawater at constant pressure, " x
f (y ) the

ratio between the surface wind stress (kg m s! 2) and the Coriolis parameter or simply the meridional

mass flux or Ekman transport per unit length (kg m! 1) and #$
#y

sea surface temperature gradient which is

the temperature contrast required for the heat transport estimation. To note, heat transport is integrated

zonally, along with the extension of the basin, (between longitudes &1 and &2), while in the latitudinal

direction is integrated from the minimum zonal wind stress (approximately latitude 30o) toward latitude

10o in both hemispheres.
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2.2.3 Meridional Mass and Heat Transport Calculation

The Pacific Ocean Shallow Wind-driven Overturning Circulation is described in terms of the meridional

mass transport in Sv [106 m3 s! 1]. Our estimations consider mass balance adjusted to zero across

24oS and 24oN. Results refer to the annually averaged meridional transport under both sensitivity cases

and the equilibrium-state solution, with time-averaged spanning over the last decade of the simulation

period. The zonally-integrated transport for di↵erent density classes is also included. Each water mass is

classified according to its ventilation level on the basis of climatological annual means (see Table 2.1). The

procedure implies partitioning the water column in terms of the isopycnal distribution and the level of the

outcropping. The density limits between the di↵erent water masses are determined as the outcropping

density level at the given latitude when possible or simply based on the density field distribution.

Table 2.1: Density intervals [kg m! 3] for each water mass in both the Northern (NH) and the Southern
(SH) hemispheres. The latitude at which each density level outcrops to the surface are shown (Lat), and
if the outcrop occurs in either one or both hemispheres. When an outcrop latitude is not observed, level
detection was made ad-hoc based on the density field characteristics.

Lat NH SH
Upper 1 24o N,S 1031.87 1032.11
Upper 2 30o N,S 1032.80 1032.73
Upper 3 40o N,S 1033.89 1033.93

Intermed. 1 45o N,S 1034.66 1034.67
Intermed. 2 60o N,S 1035.04 1036.28
Intermed. 3 64o N,S 1035.35 1036.57

Deep 1 70o -,S 1036.20 1036.73
Deep 2 " 1036.80 1036.80
Deep 3 " 1036.90 1036.90

As suggested by (Talley, 2003), four types of water classes are defined: upper, intermediate, deep, and

bottom waters. The upper waters refer to low latitudes waters bounded by the outcropping isopycnal at

30oS - 30oN. Despite the motion of this layer being arguably primarily wind-driven, we did not explicitly

isolate such contribution, so transport inside this layer includes both Ekman poleward transport and

the geostrophic transport related to the gyre circulation. In the Pacific, the two major processes which

account for the production of upper water are, firstly the subduction of surface water equatorward and

downward beneath less dense lower latitude surface waters and secondly, the well-mixed layer of water

within the WBC (Talley et al., 2011; Bryden, 1993). For a schematic figure taken from Talley (2003)

look at Fig. 2.5.
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(b)

(a)

Figure 2.5: Schematics of shallow overturning transports (Sv) for North Pacific at 24oN from Talley
(2003). (a) The schematic includes the Ekman transport, the western boundary current transport, and
the interior transport. Listed in each portion the volume and temperature transports are indicated.
The densities of the layer interfaces at which each meridional transport occurs are shown. (b) Zonally
integrated volume transport in the layers for the di↵erent water masses. On the left are the densities of
the layer interfaces, on the right, are the various water masses, their volume transports (Sv) and the heat
transports that go with these mass-balanced overturns (PW).

The intermediate waters refer to mid-latitude waters bounded by outcropping isopycnal surfaces

between the region 30o - 60o. These are water with salinity minima in subtropics and tropics directly

ventilated in the North Pacific, and the fresh and cool surface water from subpolar latitudes as water

sources. The deep water is immediately located below the intermediate, with no direct contact with the

atmosphere. This water class is entirely produced by deep mixing and upwelling of bottom waters from

the Southern Ocean. Deep waters also known as common waters, occupy most of the interior ocean.

While in the Northern Hemisphere, the main deep water mass has no surface source and forms entirely

from upwelled and di↵used bottom water in the Southern Ocean this water is produced by modified upper

water.

The bottom waters class comes from the Southern Ocean and represents the mix of all the major

water masses in the ocean, later modified by the production of dense water around Antarctica. This

water is located in the densest layers and it is generally recognized by its low temperature and high

salinity signature. However, the distinction between deep water and bottom water is not sharp. For this

reason, the determination of the bottom class is based on the direction of the net meridional transport

in the two layers (Talley, 2003). So given the last and in accordance with observational studies, the net

transport of the bottom water should be northward, while the opposite is in the case of the deep water

classes (Talley et al., 2011).
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The overall volume transport is adjusted to zero mass balance, which means compensation of volume

between layers. We did not estimate any water mass conversion rates, and our calculations are simply

based on the assumption of e↵ective subduction rates. The northward Ekman transport is zero at

about 30oN and all northward Ekman transport at 24oN is at a much lower density than the maximum

subducted density, hence we assumed that all Ekman flow at 24oN loses buoyancy and joins the southward

geostrophic flow of the Subtropical Gyre.

Additionally, within the Shallow Overturning Cell, volume transport is divided into the Western

Boundary Current transport and interior equatorward transport, as depicted in Fig. 2.3 and Fig. 3.24.

The outcrop between equatorward interior flow and Western Boundary Currents is meant to avoid regions

of recirculation water masses (McPhaden, Zhang, 2004; Zhang, McPhaden, 2006). All of the Ekman

transport is assumed to remain in the subducting Subtropical Gyre. In the way to balance the returning

flow, we arbitrarily use only the lightest and warmest part of the Western Boundary Current upper layer.

Remaining volume transport is assumed to flow outside of the gyre towards the subpolar region and

returns as intermediate or deep water.

The last is schematically expressed as WBC + Int + Upper = r where r stands for a mass residual

within the cell since the contribution of the WBC carries more water than required to close the balance.

Since we only use the lightest and warmest part of the WBC layer, out schematic expression for the

overturn mas balance could be rewritten as (WBC - r) + Int + Upper = 0 where r while representing

the overturn circulation residual it could also be assumed to be the flow outside of the gyre towards the

Subpolar region which returns as intermediate or deep water (Fig. 2.5).

In addition, in Talley (1999) and Talley (2003) overall volume transport is adjusted to zero mass

balance considering Ekman transport estimation as their reference flow. In contrast here we use instead

the interior equatorward flow as reference flow. In the case of Talley (1999) and Talley (2003) Ekman

transport is estimated using wind climatologies and then added at the top of geostrophic velocities profile

derived from hydrographic stations in the Pacific sections. Our decision is based on our determination of

the di↵erent vertical limits within water masses and the separation between upward WBC and the interior

ocean. So despite we do not explicitly calculate the Ekman northward flow, we believe our method is

good enough to capture the interior returning flow, which is the actual amount of water conveyed by the

cell (Klinger, Marotzke, 2000).

Finally, heat transport carried by the shallow overturn and deep ocean circulation is calculated from

the zonally integrated transports in isopycnal layers as in Talley (2003). Expression for the lateral heat

transport through a vertical cross-sectional area requires velocity and temperature and is expressed as
R

#cp(v%) dA, where #, v, Cp and %are the density, velocity normal to the area, the specific heat of

seawater and potential temperature.
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Chapter 3

Results and Discussions

3.1 Preliminary Analysis: Model Assessment

3.1.1 Surface Boundary Heat Fluxes and Balance

Figure 3.1: Ocean surface heat flux budget. Variables stand for the Net surface heat flux Qnet , short-
wave radiation QSW , long-wave radiation QLW , sensible heat flux Qsens , latent heat flux Qlat , and heat
flux related to mass crossing the surface Qmass . Net Surface heat flux and its components are positively
defined into the ocean.

The net surface heat flux and heat budget components are shown in (Fig. 3.1). Surface boundary

heat fluxes (W m ! 2) that impact on the ocean heat content are divided into advective and non-advective

components. The advective component accounts for the transfer of heat associated with matter crossing

the ocean surface. The terms included in the advective component are the liquid runo↵ or river discharges

(Qrunof f ), sea-ice formation or solid calving (Qcalving ), and precipitation minus evaporation (Qpme ).

Despite the relative importance of these terms near the Equator and near the coastline, the overall

contribution of the advective component in balances is rather small. The non-advective component,

heat fluxes passing through the bottom of the atmosphere, is additionally divided into radiative and

turbulent contributions. While the radiative terms (short-wave solar radiation QSW and the long-wave
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radiation QLW ) represent the dominant heating in the balance, the turbulent terms (sensible Qsens and

latent (Qlat ) heat fluxes), generally parameterized through specific humidity and potential temperature

di↵erences, represents net cooling in the balance (Large, Yeager, 2004; Gri�es et al., 2009).

Ocean-Atmosphere Feedback: Changes in the Net Surface Heat Fluxes

Figure 3.2: Change in surface total heat flux into the ocean under each sensitivity experiment, following
the CORE forcing protocol.

Under both perturbation experiments and control simulation, the net surface heat flux applied to the

top layer is the same (Qnet ). Since the heat flux perturbation is strongly positive in the North ATL

and SOC, the imposing perturbation in the ocean surface layer may produce a strong recursive process

between the SST and the atmosphere in those regions. This negative change in net surface heat flux

into the ocean is caused by an adjustment of downward QLW and Qsens fluxes, bulk formulae defined in

Large, Yeager (2004); Gri�es et al. (2009). Moreover, despite the implementation of the wind stress and

freshwater perturbations does not imply any change in those surface fluxes, both fields alone can produce

changes in the Qnet through circulation and buoyancy anomalies. The last was schematically represented

by Gregory et al. (2016) as next. While in the control simulation Qnet = Qc, under any perturbation

experiment Qnet = Qp + F where Qp and F stands for the net surface heat flux and the perturbation

heat flux across the ocean surface. According to the last, in terms of the climatological mean di↵erences

change in net surface heat flux will be expressed as 'Q net = Qp + F " Qc which in the absence of any

feedback produced by the inclusion of F we have Qp " Qc = 0 so 'Q net = F .
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In order to avoid the mentioned atmospheric feedback, here we have implemented a second control

where surface fluxes are explicitly prescribed, derived from a previous control simulation where surface

heat flux is iteratively estimated by prognostic state equations, following Todd et al. (2020). such changes

are successfully mitigated using the FAFMIP protocol. To illustrate the last, we have to calculate such

feedback using preliminary data results from a previous set of experiments but using the CORE forcing

protocol (Gri�es et al., 2016). As in the FAFMIP protocol, here each experiment branches from a single

control simulation. However, in this case, surface heat fluxes are iteratively estimated by prognostic

state equations, allowing the mentioned ocean-atmosphere feedback (Fig. 3.2). The last is in contrast to

FAFMIP where by implementing prescribed-fluxes control simulation we have mitigated the feedback in

which 'Q opposes F (Gregory et al., 2016). Under CORE method results reveal significant changes in

the net surface heat fluxes particularly under faf-stress and faf-heat experiments (-0.45 W m! 2 and -0.65

W m! 2, respectively).
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3.1.2 Ocean Temperature

Figure 3.3: (a) Annual time series of ocean volume-mean temperature change for each sensitivity ex-
periment. (b) Annual time series of ocean volume-mean temperature change for the added (TA) and
redistributed (TR) heat contributions and total temperature under faf-heat experiment.

The annual time series of volume mean temperature change for each sensitivity case are shown in Fig.

3.3. Changes are relative to the equilibrium-state solution. The faf-heat experiment reveals a significant

volume-mean temperature increase of about 0.3 K, with total temperature change determined only by

the local addition of heat (redistributed heat component integrated within the whole volume is zero by

definition). The last in contrast to the nearly zero temperature change was observed under both faf-stress

and faf-water experiments.

In spite of the negligible change observed in volume-mean temperature estimation, faf-stress (Fig.

3.4) and faf-water (Fig. 3.4) induce the important temperature changes, particularly in the North ATL

and SOC, only depictable in the zonally averaged temperature sections. In the case of wind stress, while

the North ATL reveals a warming pattern spanning from the surface toward nearly 1500-m depth, the

SOC reveals a cooling tendency along most of the water column.

In contrast, in faf-water the temperature change is nearly in opposition to results in faf-stress, partic-

ularly in the SOC. Given the distribution of the temperature anomalies, the last is arguably explained in

terms of changes in circulation. While the overall e↵ect of wind stress is to strengthen the mean circu-

lation (enhancing the background temperature meridional profile), the freshwater perturbation tends to

strengthen surface stratification, particularly at higher latitudes, so promoting a weakening of the gen-

eral circulation. According to the last, the observed rather negligible volume temperature change under

each sensitivity experiment is explained in terms of meridional and vertical compensation of temperature

anomalies between higher latitudes and mid-latitudes.
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Figure 3.4: (a) Zonal-mean ocean temperature change under each sensitivity experiment. (b) Zonal-mean
ocean added and redistributed heat contributions under the faf-heat experiment.

Similarly, in faf-heat temperature changes are mainly confined to the upper top 1000-m, except for the

North ATL and SOC where anomalies reach deeper levels. The negative anomaly observed in the Northern

Hemisphere is presumably given by the strengthened circulation associated with NADW production.

The last is suggested by the decomposition of the total zonal mean change in temperature into added

and redistributive heat components (Fig. 3.4). In most cases, while added heat temperature tracer is

positive, the redistributed temperature is negative. Temperature change signals extend along the entire

water column for each tracer, except for the Northern Ocean, where added temperature tracer is roughly

limited to the first 1000-m deep.
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In contrast, while the redistributed temperature is negative in the subtropics, it is positive in the

tropics and higher latitudes of the SOC. The observed opposing e↵ects of anomalous heat input and

redistribution are broadly consistent with the heat reservoirs distribution of heat in the ocean (particularly

in the upper higher-latitudes and intermediate low-latitudes) and the di↵erent ventilation branches of

the meridional overturning circulation (Banks, Gregory, 2006; Xie, Vallis, 2011).

The last suggests that the temperature anomalies are mainly carried by the di↵erent branches of the

Meridional Overturning Circulation. At last, worth to be mentioned, the temperature changes in faf-all

are strongly similar to the observed changes in faf-heat, suggesting that the latter is the main responsible

for shaping the first.
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3.1.3 Ocean Heat Uptake

Figure 3.5: (a) Ocean heat uptake change under each sensitivity experiment. (b) Added (H "
A ) and

redistributed heat (H "
R ) contributions under faf-heat experiment. Ocean heat uptake is positively defined

into the ocean.

Changes in ocean heat uptake (GJ m2 # 109 J m2), defined as the change of heat content of given a

volume equal to the heat input through the surface, are shown in Fig. 3.5. In the faf-stress experiment,

the main heat uptake changes are located in the North ATL and within the SOC. In the ATL heat

uptake changes are arguably explained in terms of changes in the overturning circulation. Warming in

the higher latitudes is arguably explained in terms of NADW production weakened. In the same fashion,

observed heat uptake changes in the rest of the basin, particularly in the mid-latitudes (cooling) and

tropical area change (warming), are arguably produced by strengthened intermediate water production

by the subtropical cell.

Similarly, the SOC, main heat uptake changes are located in mid-latitudes (warming) and near the

Antarctica coastline (cooling), with particularly strong values within the ATL and PAC sectors. Strength-
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ened overturning circulation in the region may explain the observed ocean heat uptake change. In these

cases, the strengthening of the meridional heat uptake is potentially explained by strengthened Ekman

transport convergence within the subtropical cell and intensification of the overall upwelling system there.

In faf-water, main heat uptake changes are observed in the ATL and within the SOC as well. Compared

to the faf-stress experiment, while observed North ATL features are considerably weaker, main heat

uptake changes in the SOC are in opposition to changes in faf-stress. The last is reflected by the global

average of both experiments. While both perturbations produce a similar mean heat uptake change,

values are in opposition (0.7 GJ m2 and -0.8 GJ m2, respectively). The heat uptake changes in faf-water

are explained in terms of the general weakening of meridional overturning circulation branches, arguably

due to strengthened surface stratification. The last is particularly observed in the zonal-mean ocean heat

content change within the SOC, where it is clear that perturbation produces opposite responses in the

SOC (Fig. 3.8a).

The strongest heat uptake changes are observed in faf-heat. As before, the main features are observed

in the ATL and the SOC, with the strongest warming signal within the higher latitudes of each ocean.

Changes in ocean heat uptake in faf-heat strongly resemble the observed changes in faf-stress. However,

the latter produces a strong mean global change of 4.21 GJ m2, which is at least four times bigger than

the one observed in the other experiments. Moreover, while the heat uptake change under the heat

flux perturbation is observed along the whole ocean, in the case of the other two experiments, changes

are strongly confined to the higher latitudes, particularly to the SOC (Fig. 3.8b). Moreover, given the

relatively strong signal of the surface heat flux over the freshwater and momentum perturbation, faf-heat

alone represents most of the faf-all changes (Fig. 3.8a).

The heat uptake changes in faf-heat are arguably explained in terms of strengthened upper stratifica-

tion. Increased surface heat flux may intensify upper stratification in both North ATL and SOC, which

may promote weakening in dense water production, reducing the ventilation rates between the surface

and the interior ocean, and increasing the global ocean heat content. To note, the contribution from

the shallow wind-driven overturns, particularly associated with the water production by the cells, is also

expected to contribute to the overall global positive heat uptake anomaly.

In terms of the ocean heat uptake change decomposition into added and redistributed components

(see figure 3.5), the global mean heat uptake increase (4.21 W m2) is mainly accounted by the local

addition of heat (3.85 W m2), while the redistributed part only accounts for less than the 10% of the

total change (0.33 W m2). Despite the last, the main warming features in the added heat component are

o↵set by strong cooling in the redistributed component. In general, total ocean heat uptake represents

the residual between both components, since HA component represents the anomalous locally added heat

the HR represents the rearrangement of this heat excess by changes in advective convergence.
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3.1.4 Dynamic Sea Level

Figure 3.6: Change in dynamic sea level under each sensitivity experiment.

Here we introduce the concept of dynamic sea level, defined as ( = ! " !̄ where ! is sea-surface height

relative to a surface on which the geopotential (� = gz) has a uniform and constant value. In this case,

the geopotential is defined as the mean value over the ocean area (!̄ ). Changes in dynamic sea level in

faf-stress are predominantly positive in the North ATL, with maxima along the eastern boundary and

spanning along the extra-tropical oceans (Fig. 3.6). Strong changes in dynamic sea levels are observed in

the North ATL and SOC. In both cases, dynamic sea level anomalies are located in the regions associated

with the NADW and AABW cells, with positive dynamic sea level values mainly along the upwelling

regions and negative values mainly along the downwelling regions. In contrast, faf-water changes in

dynamic sea level are mainly in opposition to faf-stress e↵ects. However, the main changes are observed

in North ATL and SOC, values are considerably smaller compared to the values observed in faf-stress.

The faf-heat experiment reveals the most remarkable dynamic sea level changes among all the sen-

sitivity experiments. In general, while the SH shows predominantly negative changes, NH shows the

opposite. In detail, the ATL response is mainly positive, with maximum sea level rise located in the

NH extra-tropical ocean, with exception of the polar region where strong negative change is observed.

Moreover, the strongest negative change is observed in higher latitudes of the SOC. Once again, faf-all is

strongly determined by the faf-heat experiment alone.
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3.1.5 Dynamic Sea Level and Ocean Heat Content

Figure 3.7: Zonal-mean dynamic sea level change under each sensitivity experiment.

The zonal mean change in dynamic sea level for each sensitivity experiment is shown in Fig. 3.7.

Significant sea level changes are located in higher latitudes. Solutions under faf-stress and faf-water are

nearly in opposition to each other, particularly in the SOC and at higher latitudes of the NH. In the

SOC, faf-stress produces a strong meridional contrast between a band of positive change to the north and

negative change to the south. In comparison, faf-water produces exactly the opposite; negative change

to the north and positive change to the south. Similarly, in both experiments, a strong dipole is observed

in the NH. In the case of faf-stress the last is a positive anomaly to the north and negative to the south.

As before, in the case of faf-water, sea level change is in opposition to the changes observed in faf-stress.

The last is a negative anomaly to the north and a positive one to the south.

The results above explained are well-known features in ocean climate modeling under climate change-

type experiments (Gregory et al., 2016). Observed features are explained next. In the case of faf-stress,

the Southern Ocean feature results from intensification and southward shift of the westerly wind stress,

which strengthens the Ekman drift and tends to tilt the isopycnals, presumably promoting changes in

heat transport and heat content. In contrast, in the case of faf-water, the observed opposite behavior is

explained in terms of increased ocean buoyancy at high latitudes due to reduced heat loss and increased

precipitation.

Moreover, above mentioned sea level changes particularly agree with the observed ocean heat content

changes (Fig. 3.8b). In the case of faf-stress, in the SOC while warming is confined to the north, cooling

is observed to the south, which perfectly overlaps the observed sea level changes. The last suggests that

the processes involved in the sea level rise are the same processes responsible for the ocean heat content

changes.
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Figure 3.8: (a) Zonal-mean ocean heat content change under each sensitivity experiment. (b) Added and
redistributed heat contributions under faf-heat experiment.

In contrast, in faf-water observed changes in ocean heat content are cooling in the north and warming

to the south, which is in fact exactly in opposition to changes observed in faf-stress. However, in this

case, overlapping between variables is far to be exact. Overlapping is mainly confined to the southern

part of the SOC, where positive dynamic sea level change overlaps the increased ocean heat content. In

both experiments, positive sea level changes are accompanied by warming of the water column (increased

ocean heat content), and negative sea level changes are accompanied by cooling of the water column

(reduced ocean heat content).

In faf-heat, while sea level rise is confined to the subtropics and subpolar regions in the NH, sea level

decrease is observed in the lower latitudes of the NH and higher latitudes of the SH, particularly in the

SOC region. In contrast to the other experiments, in this case, there isn’t a clear overlap between sea level

change and the meridional ocean heat content change. In contrast, the sea level change pattern seems

to directly resemble the surface heat flux anomaly instead. The overlap is not exact, which is likely to

be explained in terms of the redistribution of added heat by ocean circulation. The last is in accordance

with previous studies which suggest that ocean temperature anomaly and heat reservoir spatial patterns

are nearly always determined by both changes in the surface boundary conditions and heat reservoir

redistribution by ocean circulation changes (Xie, Vallis, 2011).
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The last is particularly suggested by the ocean heat content in terms of the temperature field decom-

position into redistributed and added temperature terms in Fig. 3.8. To note, the negative mean sea

level change in the SOC (maximum around 60oS) overlaps to the south with the total warming set as the

joint e↵ect between both redistributed and added heat. In contrast, to the north, total warming arises as

the residual between the local addition of heat (positive TA change) o↵set by the divergence of this heat,

presumably toward the south of the SOC, by negative redistribution heat change (negative TR change).

Finally, despite faf-heat producing an overall warming of the entire ocean, dynamic sea-level change

is not globally uniform, presumably given by ocean circulation. In both hemispheres, while the observed

ocean heat content warming is accompanied by negative dynamic sea-level change, in the NH lower lat-

itudes the overall positive dynamic sea-level change is accompanied by the overall ocean heat content

increase. The positive ocean heat content anomaly arises as the residual response between added and

redistributed heat. Moreover, the mid-latitude net ocean heat content change is still represented by resid-

ual between both temperature components. In this case, observed cooling is given by the redistributed

component, presumably because of the redistribution of excess heat by deep water production. Given

the last, while in lower latitudes, local change in sea level seems to be mainly given by a thermosteric

contribution, in higher latitudes observed sea level rise also responded to the reduction of the AMOC.

The last is presumably explained in terms of increased ocean buoyancy due to reduced heat loss and

increased buoyancy from the reduction of salinity by the increased precipitation.
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3.1.6 Ocean Heat Transport

Figure 3.9: Meridional ocean heat transport change under each sensitivity experiment for the global
estimation and for each individual ocean basin. Ocean heat transport is northward positively defined.

Ocean heat transport is considered one of the largest contributions to ocean heat uptake and ocean

heat content changes (Exarchou et al., 2014). The distribution of the meridional ocean heat transport

depends on the dominant dynamical features of each basin. The meridional heat transport in the ATL

is northward everywhere, peaking at about 1 PW between 20oN - 30oN, which represents most of the

maximum total global poleward transport (nearly 55%). The last is in agreement with Talley (1999)

which using observations suggested that most of the total meridional heat transport in the North ATL

(75%) is associated with intermediate and deep water formation there. In contrast, the IPA heat transport

is poleward in both hemispheres (ie. Equator divergence). In detail, while the ATL northward transport

is explained in terms of the NADW cell, the IPA basin equatorial divergence and subsequent strong

subtropical heat convergence are explained in terms of the Wind-driven gyres within the thermocline

waters (Boccaletti et al., 2005; Ferrari, Ferreira, 2011). The last is particularly true in the Pacific Ocean,

where no significant deep-reaching overturning cell is supported (Buckley, Marshall, 2015).
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Changes in meridional ocean heat transport are shown in Fig. 3.9. Results for each sensitivity

experiment are shown for both global and basin scales. The transient response in terms of the global

scale estimation, under both faf-stress and faf-water implies intensification of the meridional poleward

heat transport. Change in heat transport is relatively stronger in the Northern Hemisphere, while in the

SOC both solutions are in opposition (with wind stress weakening the poleward transport). In contrast,

faf-heat produces a weakening of the meridional ocean heat transport. Those are strong positive anomalies

in the SH and strong negative anomalies in the Northern Hemisphere. Once again results under faf-all

are strongly determined by faf-heat.

Now, in terms of the individual ocean basins, while the global mean ocean heat transport changes are

strongly determined by the ATL (under each experiment), the IPA Ocean accounts for most of the SH

heat transport anomalies in faf-heat. In another hand, despite the SOC region do not share space with

the two other basins, the heat transport anomalies under each sensitivity experiment seem to respond to

the heat transport anomalies in the neighboring oceans. So, based on the sign of the anomalies, while

changes in faf-stress seem to be related to the heat transport change in the ATL, changes under faf-water

and faf-heat seem to be related to the heat transport change from the Indian and Pacific Oceans.
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3.1.7 The Meridional Overturning Circulation

Figure 3.10: Annual time-series of North Atlantic Deep Water (NADW) and the Antarctic Bottom
Water (AABW) cells mass transports, the maximum Meridional Overturning Circulation stream-function
anomalies at 41oN and 30oS, respectively.

The Meridional Overturning Circulation is represented in terms of the meridional stream function.

In the control simulation, our results successfully represent the di↵erent branches of the global overturn.

The main overturning cells are the NH North Atlantic Deep Water cell (NADW), the SH Wind-driven cell

(ie. Deacon cell), and the SH bottom cell or Antarctic Bottom Water cell (AABW). Here, the NADW and

AABW time-series are obtained as the maximum transport at latitudes 41oN, in the case of the first, and

as the minimum meridional transport below 2500-m depth located between 30oS - 50oS, in the case of the

latter (Fig. 3.10). The NADW cell shows a maximum transport of nearly 20 Sv and the Deacon cell has

a maximum transport of nearly 25 Sv. Circulation associated with the AABW or Southern Hemisphere

bottom cell is dimly resolved given the particularly small maximum transport of 6 Sv. Additionally, the

Wind-driven Shallow Overturning Circulation is resolved in both hemispheres, with maximum transport

of nearly 25 Sv (not shown).

The zonal-mean MOC under the di↵erent sensitivity experiments is shown in Fig. 3.11. Results refer

to both the global MOC and the Atlantic Ocean alone (ie. AMOC). Under both faf-stress and faf-water

experiments, the main changes are observed in the NADW overturning cell and the Southern Hemisphere

upwelling system. Under faf-stress, wind stress perturbation strengthens both overturns (Fig. 3.11). In

contrast, in the faf-water the freshwater perturbation tends to dim the downwelling branches in both

cases. In general, results from both experiments are in opposition. However, based on the time-mean

series analysis, only the faf-water experiment significantly changes the circulation (Fig. 3.10). Under

faf-heat, the surface heat flux perturbation produces a general weakening of the Meridional Overturning

Circulation with all the branches of circulation a↵ected. According to the time-series analysis, NADW

formation reveals a sharp weakening of 30% with a strong interannual variability (20 years of periodicity).

The weakening of AABW formation is nearly 20%.
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Figure 3.11: Zonal-integrated Meridional Overturning Circulation changes under each sensitivity experi-
ment. (a) Global integration and (b) Atlantic Ocean integration.

Despite the surface momentum and water fluxes being typical of CO2-induced climate change sce-

narios, only the heat flux perturbation plays a significant influence on MOC variability. The changes

in MOC are explained by the additional buoyancy flux into the North Atlantic given the exaggerated

increase in the surface heat flux there. The MOC weakening under faf-heat fairly correlates with CO2-

forced experiments reported in previous studies, using both ocean-only models and AOGCMs. However,

the magnitude of the AMOC weakening in faf-heat is model-dependent, so a comparison of these results

with previous estimations should be done only qualitatively (Gregory et al., 2016).
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3.2 Heat Budget Analysis for the Global Interior Ocean

The following provides a diagnostic accounting for the ocean interior heat budget (in TW # 1012 J

s! 1). Transient response is calculated as the change of temperature tendency with respect to the control

simulation. The partitioning of the global ocean into basins is arguably based on di↵erent geographical

restrictions and dynamic features in each region. Inland bodies of water and narrow oceans, such as the

Mediterranean or the Red Sea, are excluded from the global estimation.

3.2.1 Determination of Vertical Level for the Heat Budget Integration

Figure 3.12: Volume-integrated heat budgets for the interior ocean for di↵erent vertical integration limits
(indicating in brackets). All results refer to the control simulation. Budget components (in TW # 1012

J s! 1) are the net heat storage (NET), model prognostic advection (ADV), parameterized eddy-induced
advection (EDDY), the residual mean advection (rADV), di↵usive isopycnal mix (ISO), vertical di↵usive
processes (diapycnal mixing plus penetrative heating from shortwave radiation, vDIFF), and the super
residual advection (ADV plus ISO, srADV). All budgets are time-mean for the last decade.
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In Fig. 3.12 we show the depth and time-integrated ocean interior heat budget for di↵erent vertical

integration levels. All the results refer to the control simulation. We perform several vertical integrations

on the way to identify the proper vertical levels to represent the interior ocean. The last implies neglecting

the heating associated with the non-advective flux crossing the ocean surface (Gri�es et al., 2016). In

terms of the total vertical integration (all levels included), the global balance is set by vDIFF o↵set

by srADV (upwelling-di↵usive balance) (Fig. 3.12a). Such a balance is held by all the ocean basins.

However, while in the SOC and ATL, srADV warming is o↵set by vDIFF cooling, in the case of the IND

and PAC oceans, balance is achieved by srADV cooling and vDIFF warming.

The di↵erences in the budget arrangement are explained next. In the case of the SOC and ATL, the

srAVD warming counteracts the di↵usive cooling from upper ocean high-latitude related to the water

masses formation by mixed layer processes. In contrast, in the PAC and IND oceans, the classical

advective-di↵usive balance is explained in terms of removing these newly formed water masses from the

mixed layer into the ocean interior, where they are eroded by dianeutral di↵usion (Dias et al., 2020).

According to the above, the super residual framework successfully summarized the interior ocean

global heat budget with the net balance held between vDIFF warming and srADV cooling (Fig. 3.12b).

As before, such a balance is mainly held by the PAC and IND oceans, which emphasizes the role of those

oceans in setting upwelling-di↵usive part of the balance in the global budget. The last is particularly in

contrast to the SOC and ATL oceans where the heat balances are inverted (srADV warming o↵set by

vDIFF cooling).

Using the vertical integrations of 100-m (Fig. 3.12c) and 200-m depth (Fig. 3.12d) we observed a

significant increase in the global net imbalance, presumably given by the influence of boundary water

flux crossing the ocean surface or the bottom on the surface mixed layer. Given the last, we choose a

deeper vertical level to guarantee we avoid such e↵ects (Fig. 3.12d). To note, in all the mentioned cases

the srADV term mainly arises as the compensation between ADV and EDDY (Gregory, 2000; Kuhlbrodt

et al., 2015; Exarchou et al., 2014; Gri�es et al., 2016; Dias et al., 2020).

However, despite the srADV components being stronger in the PAC and IND oceans, the residual

advection compensation is mainly held by the SOC and ATL oceans. The di↵erences between the residual

and super residual advective frameworks are explained in terms of the compensation of such terms on

each ocean. In detail, while in the SOC and ATL, the residual term is near zero, in the case of the PAC

and IND such compensation is far to be exact leading to a negative residual term, which in addition to

the contribution of isopycnal cooling explains the dominance of the srADV term in the global balance.
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According to all the above explained, despite the strong ADV and EDDY components in the SOC

and ATL oceans, the global heat balance is held between srADV and vDIFF components in the PAC

and IND oceans. The last is explained in terms of the level of compensation between ADV and EDDY

components. While in the SOC and ATL advective compensations are strong leading to a nearly to zero

rADV component, in the case of the PAC and IND oceans, such compensation is far to be exact. The

last in addition to the significant ISO contribution observed in such oceans explains the dominance of

the srADV framework, it is in accordance with previous studies which suggested the dominance of the

upwelling-di↵usive balance in the global scale (Stommel, Arons, 1959; Dias et al., 2020).
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3.2.2 Ocean Interior Heat Budget

Figure 3.13: Volume-integrated heat budgets for the interior ocean (bellow 300-m depth). Results refer
to the control simulation. Budget components (in TW # 1012 J s! 1) are the net heat storage (NET),
model prognostic advection (ADV), parameterized eddy-induced advection (EDDY), the residual mean
advection (rADV), di↵usive isopycnal mix (ISO), vertical di↵usive processes (diapycnal mixing plus pen-
etrative heating from shortwave radiation, vDIFF), and the super residual advection (ADV plus ISO,
srADV). All budgets are time-mean for the last decade.

In Fig. 3.13 we show the volume integrated heat budgets for the interior ocean (below 300-m) for both

the global and individual ocean basins. Results refer to the equilibrium-state or control simulation (Fig.

3.13a) and perturbed climate conditions (Fig. 3.13b-d). Anomalies under each perturbation experiment

and for each budget component are shown in Table 3.1.
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On the global scale, heat budget balance has a strong advective contribution (ADV warming and

EDDY cooling). Despite this, the total balance is apparently held between vDIFF warming and srADV

cooling. To note, while in the SOC and ATL cooling eddy-induced advective convergences generally

oppose the warming advective convergence, (ADV o↵set by EDDY), the dominant global balance between

srADV cooling and vDIFF warming is in fact fully accounted for by the IND and PAC Ocean. Moreover,

while in the SOC and ATL, srADV and vDIFF components are nearly zero, in IPA and PAC the srADV

cooling represents the joint e↵ect of both advective components (ADV and EDDY) together with the

isopycnal contribution (ISO). While the advective compensation in the ATL and SOC is presumably

related to the presence of the NADW and AABW cells, in IND and PAC the upwelling-di↵usive balance

is explained in terms of the large internal diapycnal transformation of water (Talley, 2013).

In another hand, net global cooling in faf-stress is given by the intensified advective residual balance

in the SOC and ATL and the weakened upwelling-di↵usive balance in IND and PAC (Fig. 3.13b). Since

most of the imbalance is actually held by the SOC, the global net cooling is arguably explained in terms

of strengthened wind-driven circulation in the SH, and secondarily by changes in the shallow wind-driven

overturning circulation in the IND and PAC. In contrast, faf-water produces net warming on the global

mean, which seems to be exclusively given by weakening of the srADV cooling in the ATL basin, since

non of the other basins reveal any other significant change (Fig. 3.13c). The observed warming tendency

of the ATL is arguably explained in terms of the heat uptake sensitivity of the North ATL, related to the

ocean stratification changes and deep water production weakening.

Finally, the heat flux perturbation produces systematic warming of the whole ocean by strengthened

vDIFF warming and srADV cooling weakening (Fig. 3.13d). Despite both features being observed in every

basin, while the net warming in the SOC and ATL is given by both vDIFF warming strengthening and

srADV weakening, in the case of the IND and PAC basins, net warming seems to be exclusively given by

the srADV weakening. The warming imbalance in the SOC and ATL basins is arguably explained in terms

of surface stratification changes and subsequent weakening of the deep and bottom water production,

respectively. In contrast, the interpretation of the warming imbalances in the PAC and IND Oceans is

not that straightforward.

According to the vertical profile heat budget for the interior ocean (Fig. 3.14a), despite the strength of

the ADV and EDDY budget components the net imbalance in the column under faf-stress is set between

srADV and vDIFF ()DiasBoeira2020. Given the dominant upwelling-di↵usive balance, observed srADV

changes should be accompanied by compensatory vDIFF changes. The last is depicted by the vertical

profile for the heat budget using only the super residual framework budget components (Fig. 3.14a).

Moreover, if we focus particularly on the super residual advective framework components (Fig. 3.14b)

the overall net warming imbalance is dominated by the srAVD weakening in the upper levels of the

interior ocean.

45



Figure 3.14: Vertical profile heat budget for the interior ocean under faf-heat experiment and the Pacific
Ocean (PAC) exclusively. (a) Total heat budget vertical profile including control values (b) Change in the
heat budget vertical profile using the super residual framework components. Budget components (in TW
m! 2) # 1012 J s! 1) are the net heat storage (NET), model prognostic advection (ADV), parameterized
eddy-induced advection (EDDY), the residual mean advection (rADV), di↵usive isopycnal mix (ISO),
vertical di↵usive processes (diapycnal mixing plus penetrative heating from shortwave radiation, vDIFF),
and the super residual advection (ADV plus ISO, srADV). All budgets are time-mean for the last decade.

The last is particularly in contrast to the volume-integrated budget, where the vDIFF changes are

nearly zero. In fact, the vertical profile reveals an important vertical dependence on the heat budget.

While vDIFF seems dim the srADV warming in the top levels (above 500-m), it seems to boost the

warming in intermediate depths (500 to 1000-m depth). The observed vertical dependence of the budget

arrangement is arguably explained in terms of the dominant circulation. However given the intrinsic

limitations of our method, the last is not possible to be verified. So, according to the Pacific Ocean

vertical profile under faf-heat experiment, the absence of vDIFF warming is in fact a fallacy of the rough

heat budget vertical integration method used here.
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3.2.3 Latitudinal Integration of the Interior Ocean Heat Budgets

Figure 3.15: Volume-integrated heat budgets for the interior ocean (bellow 300-m depth) for di↵erent
latitudinal spans. Latitudinal bounded integration is performed every 5 degrees from the Equator to 60o.
Integration including higher latitudes (up to 60) is referred to as total (T). Results refer to the control
simulation. Budget components (in TW # 1012 J s! 1) are the net heat storage (NET), model prognostic
advection (ADV), parameterized eddy-induced advection (EDDY), the residual mean advection (rADV),
di↵usive isopycnal mix (ISO), vertical di↵usive processes (diapycnal mixing plus penetrative heating from
shortwave radiation, vDIFF), and the super residual advection (ADV plus ISO, srADV). All budgets are
time-mean for the last decade.

The volume-integrated heat budgets for the interior ocean (below 300-m depth) using di↵erent latitu-

dinal spans are shown in Fig. 3.15. The main goal of this section is to identify the di↵erent heat budget

regimes based on the arrangement and latitudinal change of the budget. Latitudinal bounded integration

is performed every 5o from the Equator toward 60o. Integration including higher latitudes (up to 60o)

is referred to as total (T). Despite the bounds spans symmetrically from the Equator non of the oceans

spans along all the selected latitudinal ranges (60oS - 60oN). While both PAC and ATL lays between

35oS and 60o, the IND ocean span only between 25oN and 35oS. Although, the last does not imply any
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heat budget miscalculation by repetition of latitudes, since each basin estimation intrinsically excludes

all the other regions. Moreover, the SOC basin is excluded from this analysis.

In terms of the global estimation (Fig. 3.15a), the ocean is divided into two regimes, a simple

upwelling-di↵usive balance in lower latitudes (Dias et al., 2020) and the extratropical residual advective

balance by compensation between vertical mixing, eddies, and the mean circulation (Gregory, 2000;

Exarchou et al., 2014). In detail, this is the heat balance held between vDIFF warming and srADV

cooling, between 35oS and 35oN, and the balance held by compensation between ADV and EDDY from

40o and further. The transition between regimes takes place around latitudes 35o and 40o, presumably

associated with the subduction of surface water by the subtropical cells (McPhaden, Zhang, 2004).

In terms of the contribution of each ocean basin to the global heat budget, while the residual advective

balance is held mainly in ATL Ocean higher latitudes (Fig. 3.15b), the upwelling-di↵usive balance is

mainly held by the PAC-IND Oceans (Fig. 3.15c-d). Despite the di↵erences in the dominant regimes

on each ocean basin, the super residual advection framework manages to represent the heat balance on

each basin. Nevertheless, there are significant di↵erences in how the advective component srADV is set

di↵erently on each basin. While in the case of the PAC and IND Oceans, srADV arises as the joint e↵ect

of ADV and EDDY and ISO cooling, in the case of the ATL the srADV arises as the warming residual

between ADV and EDDY o↵set by ISO cooling.

Our results, while managing to emphasize the dominant role of the mean advection and eddy-induced

advection in setting the global heat budget, it also underscore the convenience of using the super residual

advection framework to characterize both global and individual ocean basin budgets. In addition, while

our results emphasize the important role played by the Pacific lower latitudes in keeping such a balance,

it also evidences the lag of a methodology that manages to incorporate the dominant features of the

ocean circulation, such as the MOC and particularly of the shallow ocean. In the next section we present

a di↵erent procedure, this time to characterize the tropical Pacific Ocean heat budgets but encompassing

the e↵ects of the Shallow Wind-driven Overturning Circulation, an essential dynamical system for the

region.
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Table 3.1: Volume-integrated heat budgets for the global (GLB), Southern Ocean (SOC), Atlantic (ATL),
Pacific (PAC), and Indian (IND) Oceans. Results refer to the anomalies under each perturbation ex-
periment. Budget components include the net heat storage (NET), model prognostic advection (ADV),
parameterized eddy-induced advection (EDDY), the residual mean advection (rADV), di↵usive isopycnal
mix (ISO), vertical di↵usive processes, super residual advection (srADV) and vertical di↵usive processes,
diapycnal mix plus penetrative heating from shortwave radiation (vDIFF), which includes the interannual
unresolved contribution as to close the budgets. Results are time-averaged over the last decade of each
simulation period. Units are TW # 1012 W.

NET ADV EDDY ISO DIA unres rADV srADV vDIFF
faf-stress

GLB -15.3 122.7 -103.5 -5.0 -40.6 11.1 19.2 14.2 -29.5
SOC -20.8 90.0 -63.0 -19.5 -37.5 9.1 27.1 7.6 -28.4
ATL 15.5 65.6 -63.0 13.7 -4.7 3.9 2.6 16.3 -0.7
PAC 1.1 -18.1 23.7 -1.9 -2.3 -0.3 5.6 3.7 -2.6
IND -11.1 -14.7 -1.2 2.6 3.8 -1.6 -16.0 -13.3 2.2

faf-water
GLB 76.3 66.0 45.2 -20.3 -17.0 2.4 111.2 90.9 -14.6
SOC 12.6 -40.8 44.9 -1.4 6.3 3.5 4.1 2.7 9.9
ATL 81.9 106.6 -5.4 -7.3 -12.3 0.3 101.2 93.9 -12.0
PAC -11.9 -0.8 10.0 -9.7 -11.1 -0.4 9.3 -0.4 -11.5
IND -6.2 1.0 -4.3 -1.9 0.1 -1.1 -3.3 -5.3 -0.9

faf-heat
GLB 439.7 147.7 124.0 63.3 103.6 1.1 271.7 335.0 104.7
SOC 117.3 11.1 16.9 48.7 44.2 -3.6 28.0 76.7 40.6
ATL 127.5 -18.9 92.1 3.8 40.3 10.2 73.2 77.0 50.5
PAC 154.7 128.2 10.1 7.9 13.3 -4.8 138.3 146.2 8.5
IND 40.3 27.2 5.0 2.9 5.8 -0.7 32.3 35.1 5.1
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3.3 Tropical PaciÞc Ocean Heat Budget and the Role of Shallow

and Deep Circulations

3.3.1 The Tropical Ocean Heat Budget

Here we start we the main results related to our preliminary analysis to determine the tropical ocean heat

budget and the dependence of the vertical partitioning of the budget in terms of the dominant circulation.

Analysis originally considered a description of the heat budget for both the global and Pacific oceans.

However, according to our results, the Pacific alone held most of the heat balance. In that sense here we

only describe our results in terms of the global estimation, in the understanding that in the next section,

we discuss extensively the role of the Pacific alone.

Figure 3.16: Volume-integrated heat budgets for the tropical Global Ocean (mixed layer depth not in-
cluded). Vertical integrations account for the Total, Shallow and Deep ocean for the control simulation.
Budget components (in TW # 1012 J s! 1) are the net heat storage (NET), model prognostic advection
(ADV), parameterized eddy-induced advection (EDDY), the residual mean advection (rADV), di↵usive
isopycnal mix (ISO), vertical di↵usive processes (diapycnal mixing plus penetrative heating from short-
wave radiation, vDIFF), and the super residual advection (ADV plus ISO, srADV).

The volume-integrated heat budgets global tropical Ocean are shown in Fig. 3.19, with vertical

integrations accounting for the total column, the ShallowWind-driven Overturn for the control simulation.

According to the total vertical integration, a net balance is achieved by super residual advection (srADV)

cooling and vertical di↵usive warming vDIFF with the shallow ocean hosting most of the balance. This is

the classical low-latitude balance upwelling-di↵usion ocean models, the global average downward di↵usive

transport being along with the temperature gradient Stommel, Arons (1959) mainly held in the Pacific

Ocean with about 80% of the balance (not shown).

50



Figure 3.17: Volume-integrated heat budgets for the Global tropical Global Ocean in faf-stress (a), faf-
water (b) and faf-heat (c). Budget components (in TW # 1012 J s! 1) are as in Fig. 3.16.

In the perturbation experiments, both faf-stress (Fig. 3.17a) and faf-water (Fig. 3.17b) produce a

net cooling. In both cases, while in the shallow ocean, the balance between srADV cooling and vDIFF

warming is weakened, in the deep ocean the balance is actually strengthened. However, while in faf-stress

the net cooling of the ocean is determined by the deep ocean (strengthened srADV cooling), in faf-water

net cooling is determined by the shallow ocean (weakened srADV cooling) since the deep ocean, despite

the strong intensified upwelling-di↵usive balance, it is under equilibrium.

The net cooling in faf-stress is completely held by the deep ocean since the shallow ocean is in

equilibrium. The last is confirmed by the annual time series of the volume-integrated heat budgets (Fig.

3.18). To note, despite the total net imbalance being strong at the beginning of the simulation (Fig.

3.18a), the srADV and vDIFF change rapidly to adjust the balance to their original state. However, both

regimes show a di↵erent resilience to the perturbation. While in the shallow ocean, the adjustment takes

place almost immediately (Fig. 3.18b), in the deep ocean it takes at least until the end of the first decade

to reach the new equilibrium (Fig. 3.18c).
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Figure 3.18: Annual time-series of the volume-integrated heat budgets for the global tropical ocean in faf-
stress (left column) and faf-heat (right column). Vertical integrations account for the Total (a), Shallow
(b), and Deep ocean (c) are shown. Budget components (in TW # 1012 J s! 1) are as in Fig. 3.17.

The last is explained as next. Despite the strong weakening of the upwelling-di↵usive balance in the

shallow ocean, the circulation system holds equilibrium arguably because of the strong resilience of the

system, combined with the intensity of such winds in the region, which seems not to be strong enough to

establish any significant change. In contrast the deep ocean host the net total imbalance given the overall

strengthening of the upwelling-di↵usive system. The last is arguably explained in terms of strengthened

AABW water production in the SOC and subsequent advection of this water toward lower latitudes.

Given the fact that the global tropical balance is mainly held in the PAC, the strengthened vertical

di↵usive warming (vDIFF) will be explained in terms of the increased convergence of cold water from the

neighboring oceans and strengthened di↵usion of heat through the bottom of the thermocline.
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In the case of the faf-heat experiment (Fig. 3.17c), the total warming imbalances are set primarily

by strengthened vDIFF and reduced srADV cooling. In this case, both regions contribute to the total

net warming. Despite the similar net change in both regions, the heat budget change in the deep ocean

is particularly strong given the intensity of the balance in the equilibrium state. In the control state,

the shallow ocean held more than 80% of the total balance. So given the anomalies observed in (Fig.

3.17c) the srADV cooling weakening is particularly strong in the deep ocean. Moreover, based on the

time evolution of the budgets, the new warming equilibrium of the column is not only equally achieved by

both regimes, but both reach equilibria at the same time. The last is explained in terms of the intensive

heat surface perturbation applied in faf-heat, strong enough to reset the whole tropical ocean in a new

equilibrium.

Finally, the fast response of the deep ocean could be explained in terms of weakened water masses

convergences from higher latitudes. By design, the faf-heat perturbation is strongly positive in higher

latitudes and particularly over regions of dense water production. Strengthened surface heat may in-

crease surface stratification inhibiting the production and subsequent redistribution of cold water toward

lower latitudes. Reduced water convergence may translate into weakened upwelling of cold water so

strengthening the vertical di↵usion of heat from upper layers.

So our preliminary analysis of the tropical ocean heat budget and the role of shallow and deep

circulations allows us to elucidate, first the dominant role of the tropical Pacific in setting the global

tropical ocean balance, under both the control state and under perturbed conditions (nearly 80% in

both cases), and secondly the dominant upwelling-di↵usive balance mainly controlled by the shallow

ocean and the dominant circulation feature there, the shallow-wind driven circulation. However, while

the diagnostic formalism implemented here allows us to diagnose the heat budget in terms of relevant

physical processes such as advective (srADV) and di↵usive (vDIFF), here it is not possible to reliably

determine the processes involved in such changes since this formalism use temperature tendencies, rather

than explicit vertical velocities to diagnose circulation. The last is a clear limitation of this analysis. In

the upcoming sections, we will focus specifically on the tropical Pacific Ocean, we will analyze the two

shallow oceans individually.
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3.3.2 Tropical PaciÞc Ocean Heat Budgets

Figure 3.19: Volume-integrated heat budgets for the Southern (left column) and Northern (right column)
tropical Pacific Ocean (mixed layer depth not included). Vertical integrations account for the Total,
Shallow and Deep ocean for the control simulation (a,b), faf-stress (c,d), faf-water (e,f), and faf-heat
(g,h). Budget components (in TW # 1012 J s! 1) are the net heat storage (NET), model prognostic
advection (ADV), parameterized eddy-induced advection (EDDY), the residual mean advection (rADV),
di↵usive isopycnal mix (ISO), vertical di↵usive processes (diapycnal mixing plus penetrative heating from
shortwave radiation, vDIFF), and the super residual advection (ADV plus ISO, srADV). All budgets are
time-mean for the last decade. Panels c-f refer to anomalies with respect to the equilibrium case.

The volume-integrated heat budgets for the NH and SH tropical Pacific Ocean are shown in Fig.

3.19, with vertical integrations accounting for the total column, the Shallow Wind-driven Overturn, and

the deep ocean. In the control simulation (Fig. 3.19a,b) the global mean net tendency imbalance is

near-to-zero but not exactly zero (NET), a common feature in global climate models due to the very

long time scales required for the deep ocean to reach equilibrium Exarchou et al. (2014). In fact, in both

hemispheres, the deep ocean accounts for nearly 90% of the imbalance and this is particularly the case

for the SH, where interbasin circulation exchanges may explain the larger heat imbalance.
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According to the total vertical integration, a net balance is mostly achieved by super residual advection

(srADV) cooling and vertical di↵usive warming vDIFF. However, the shallow ocean holds most of the

balance in both hemispheres (85% in the NH and 72% in the SH) (see also Table 3.2). This balance

seems to disagree with the two opposite vertical regimes proposed by (Dias et al., 2020), but it arises

from our choice to exclude the influence from the mixed layer. Here both regimes are included in the

ocean interior defined by (Dias et al., 2020).

Our results are thus in accordance with the ocean interior regime proposed by (Dias et al., 2020)

(advective cooling balanced by vertical di↵usive warming), but also suggest that most of the balance is

achieved within shallow wind-driven overturn. This is confirmed by the zonally-integrated heat budget

within the ocean column (Fig. 3.20a-c), which shows a balance between downward warming by a vDIFF

flux and upward cooling by a srADV flux. The balance holds over the whole column but it is particularly

intense within the upper levels of the shallow ocean, near the mixed layer, and within the subducting

areas.

On the other hand, imbalances are mainly located at the interface between shallow and deep oceans

in the NH, and at intermediate levels in the case of the SH. In both cases, net imbalance strongly

resembles the advective and isopycnal components, suggesting a strong association with the convergence

and subduction of tropical water, and the mass flow along tilted isopycnals. However, whereas NH

imbalances are located within the Shallow Wind-driven Overturning Circulation, most of the imbalances

in the SH are explained by advective processes along the tilted isopycnal field. The zonally-integrated

heat budget components for the srADV term are shown in Fig. 3.21.
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Figure 3.20: Zonally-integrated heat budgets for the tropical Pacific Ocean in the control simulation
(a-c), faf-stress (d-f), faf-water (g-i), and faf-heat (j-l). The deepest limit of the Shallow Ocean regime,
the base of the Shallow Overturn, is shown as the thick black line. Meridional transports (in Sv # 109

kg/s) are also shown (gray contours). Budget components (in TW # 1012 J s! 1) are as in Fig. 3.19.
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Figure 3.21: Zonally-integrated heat budget components of the super residual advection for the tropical
Pacific Ocean in the control simulation (a-c), faf-stress (d-f), faf-water (g-i) and faf-heat (j-l). The deepest
limit of the Shallow Ocean regime, the base of the Shallow Overturn, is shown as the thick black line.
Meridional transports (in Sv # 109 kg/s) are also shown (gray contours). Budget components (in PW #
1015 J s! 1) are the model prognostic advection (ADV), parameterized eddy-induced advection (EDDY),
di↵usive isopycnal mix (ISO). All budgets are time-mean for the last decade.
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Next, we discuss the volume-integrated heat budgets under the di↵erent sensitivity cases. In faf-stress

(Fig. 3.19b,f), the net imbalance is the result of an intensification of the advective cooling compensated by

vertical di↵usive warming in both hemispheres (see Table 3.2). While in the NH the negative imbalance

is given by the shallow ocean srADV, in the SH the positive imbalance is produced by enhanced vDIFF

in the deep ocean. In faf-water (Fig. 3.19c,g), both hemispheres show a negative imbalance. However,

while in the NH negative imbalance is the result of intensified advective cooling (srADV), compensated

by vertical di↵usive warming, in the SH negative imbalance is produced by weakened vDIFF warming

and srADV cooling as well (see Table 3.2). Moreover, in the NH the negative imbalance is mainly given

by the shallow ocean srADV, in the SH the negative imbalance is produced by weakened vDIFF in the

deep ocean.

In faf-heat (Fig. 3.19d,h), the total warming imbalances are set primarily by strengthened vDIFF. In

both cases, the source of heating is the strengthened vDIFF heat and reduced srADV cooling. However,

the NH shallow ocean held nearly 70% of the total net warming imbalance, in the case of the SH deep

ocean held nearly 90% of the total net warming imbalance. Moreover, while the NH total net warming

is set by vDIFF in the shallow ocean plus srADV weakening in the deep ocean, in the case of the SH

the deep ocean holds both contributions. According to the volume-integrated budgets, while faf-stress

net imbalance is the result of an intensification of the advective cooling compensated by vertical di↵usive

warming mainly in the shallow ocean (srADV and vDIFF balance intensification), in faf-heat warming

in both hemispheres is set by strengthened vDIFF and weakened srADV mainly in the deep ocean.

According to the zonally-integrated heat budgets (Fig. 3.20d-i) imbalances are located nearly at the

same vertical level and, given the di↵erent vertical span of the cell in both hemispheres, the imbalance

is promoted by di↵erent subducting branches. The shallow overturn, in the case of the NH, and the

bottom overturn, in the SH. This reasserts the importance of dividing the ocean into dynamical regimes,

instead of vertical budget integrations based on an arbitrary selection of boundaries between layers. Our

results highlight a local redistribution of heat from the surface towards the deep ocean since imbalances

in the unventilated tropical Pacific appear to be linked to subtropical surface anomalies, transported to

the deep ocean along the mean isopycnal pathways.
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Table 3.2: Volume-integrated heat budgets for the tropical Pacific Ocean (mixed layer depths not in-
cluded) in each experiment. Budget components include the net heat storage (NET), model prognostic
advection (ADV), parameterized eddy-induced advection (EDDY), the residual mean advection (rADV),
di↵usive isopycnal mix (ISO), vertical di↵usive processes, super residual advection (srADV) and vertical
di↵usive processes, diapycnal mix plus penetrative heating from shortwave radiation (vDIFF), which in-
cludes the interannual unresolved contribution as to close the budgets. Vertical integrals account for the
Shallow, Deep, and Total ocean column. Estimations for both hemispheres separately are shown. Results
are time-averaged over the last decade of each simulation period. Units are TW # 1012 W.

NET ADV EDDY ISO DIA SWH rADV srADV vDIFF
Control

Northern Hemisphere
Shallow 1.3 -490.9 -447.9 -114.6 -65.9 1005.5 -938.8 -1053.4 1054.7
Deep 13.2 -50.2 -110.1 -28.9 67.3 119.7 -160.3 -189.2 202.4
Total 14.5 -541.1 -558.0 -143.5 1.4 1125.1 -1099.2 -1242.6 1257.1

Southern Hemisphere
Shallow 0.3 -304.0 -312.6 -102.5 -171.9 810.0 -616.6 -719.1 719.4
Deep 15.9 -126.7 -88.8 -57.4 173.3 103.1 -215.5 -272.8 288.7
Total 16.2 -430.7 -401.4 -159.9 1.4 913.1 -832.0 -991.9 1008.1

faf-stress
Northern Hemisphere

Shallow -2.62 -13.01 0.54 -17.24 18.30 -9.13 -12.48 -29.71 27.10
Deep 0.14 -7.12 -7.73 -1.02 14.07 0.00 -14.84 -15.86 16.01
Total -2.47 -20.13 -7.19 -18.26 32.37 -9.13 -27.32 -45.58 43.10

Southern Hemisphere
Shallow 0.87 -16.53 -0.38 -6.51 1.42 14.84 -16.91 -23.42 24.29
Deep 1.65 -21.85 13.28 0.93 21.62 -15.54 -8.57 -7.64 9.29
Total 2.52 -38.38 12.90 -5.58 23.04 -0.69 -25.48 -31.06 33.58

faf-water
Northern Hemisphere

Shallow -12.7 -45.2 21.4 0.9 17.0 -9.7 -23.8 -22.9 10.2
Deep 0.2 6.7 8.1 -7.7 -7.4 0.1 14.8 7.1 -6.9
Total -12.5 -38.5 29.5 -6.8 9.5 -9.6 -9.0 -15.8 3.3

Southern Hemisphere
Shallow -3.0 -12.1 19.3 -3.0 -7.4 2.2 7.1 4.1 -7.1
Deep -3.9 18.0 8.9 -9.7 -3.0 -16.4 26.9 17.2 -21.1
Total -6.9 5.9 28.2 -12.7 -10.4 -14.2 34.1 21.3 -28.2

faf-heat
Northern Hemisphere

Shallow 65.73 -19.58 29.76 -7.97 15.44 44.34 10.18 2.21 63.53
Deep 33.17 18.43 4.70 7.62 3.62 0.28 23.14 30.76 2.41
Total 98.90 -1.15 34.47 -0.35 19.07 44.62 33.32 32.97 65.94

Southern Hemisphere
Shallow 11.95 10.79 -15.87 5.62 18.78 -4.20 -5.09 0.53 11.42
Deep 77.74 43.35 0.15 -7.53 0.52 35.43 43.50 35.97 41.77
Total 89.70 54.14 -15.72 -1.91 19.31 31.24 38.42 36.51 53.19
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3.3.3 The Shallow Wind-driven Overturning Circulation in the PaciÞc Ocean

Characterization of the Shallow Wind-driven Overturning Circulation implies the identification of par-

ticular dynamic features within the cell, which may allow us to easily sketch the overall circulation

and establish a feasible connection between the observed vertical heat budget. In this regard, we have

considered subtropical cell mass transport convergence in the tropical Pacific Ocean.

The meridional equatorward mass transport is the transport of cold water within the upper thermo-

cline required to hold lower-latitudes heat balance (McPhaden, Zhang, 2004; McCreary, Lu, 1994; Lu,

Jr, 1995). The amount of water that upwells in the tropics is driven by subtropical subduction into the

thermocline with equatorial upwelling adjusted to absorb all the equatorward mass transport convergence

(McCreary, Lu, 1994; McPhaden, Zhang, 2004; Zhang, McPhaden, 2006). Latitudinal bounding for the

upwelling region is based on the observed potential vorticity ridge along 9oN-10oN according to McCreary,

Lu (1994) and Lu, Jr (1995). Despite such a feature is not observed in the Southern Hemisphere, the same

criteria have been used in both hemispheres in a way to keep symmetry along the Equator (McPhaden,

Zhang, 2004).

Our approach may contrast with methods based on pycnocline criteria, which implies the determina-

tion of the density level at which the meridional transport occurs. However, the choice of the equatorward

transport within the uppermost 1000-m depth as our vertical integration limit allows us to easily evaluates

the Subtropical Cell transport avoiding inaccuracies related to the pycnocline structure determination,

such as pycnocline sensitiveness to model resolution and mixing parameterizations (Gra�no et al., 2021;

Zhang, McPhaden, 2006).

We followed three di↵erent approaches to estimate equatorward flows along 9oN and 9oS. In all

cases, we considered zonally and vertically integrated equatorward meridional transports from the eastern

boundary to near the Western Boundary Current, as suggested by (McPhaden, Zhang, 2004).

In the first method, we only used transport above a fixed isopycnal value of 1036.5 kg m! 3, which is

usually used as the value for the pycnoclyne (Talley, 2003). Similarly, under the second approach, we only

used the uppermost 1000-m depth in addition to choosing only meridional equatorward transport above

the isopycnal level of zero transport. The last is the isopycnal level of nearly non-Sverdrup transport,

which indeed must be also the deeper closed streamline of the meridional overturning. In contrast to the

two other methods described here, using the third method mass transport determination does not imply

any isopycnal criteria. The last means, the mass transport estimation is by considering only equatorward

flows for the uppermost 1000-m depth.
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Regardless of the method, we define both interior and total mass convergence as follows. The strength

of the interior component is represented by the equatorward volume transport convergence from the

eastern boundary to 145oE and 165oE at 9oN and 9oS, respectively (McPhaden, Zhang, 2002; Zhang,

McPhaden, 2006). To note, the westernmost longitudes of integration are several hundred kilometers

away from the western boundary where strong boundary currents and their recirculations take place

(McPhaden, Zhang, 2004). In contrast, the total transport component is the sum of the equatorward

transports integrated across the entire basin (Zhang, McPhaden, 2006).

In terms of the control simulation, the meridional equatorward transport above the pycnoclyne (mass

transport above 1036.5 kg m! 3, or method one), both total and interior mass transport estimations shows

a wider variability. Moreover, such estimations are weakened by nearly 20% in both cases in contrast to

the estimation using a fixed vertical integration level. In general, while total convergence shows a wider

range of variability with values laying between 41 to 44 Sv, the mean interior convergence lies around

10 Sv. In this case, flow over the pycnocline seems to reach stability only after the fourth decade of

simulation.

In the third method, the equatorial mass convergence considers the isopycnal flow within the pyc-

nocline, but in this case given the observed di↵erences using the previous pycnocline criteria, here we

included the time evolution of isopycnal level depth since such level may change along the simulation

period. The last is apply to all of the sections and for both total and interior mass transport. In terms

of the control simulation, the total mass transport at both 9oN and 9oS shows a zero level roughly at

1035.0 kg m! 3. Our analysis reveals strong variability in the vertical location of such a level. In con-

trast, the interior mass transport has a rather steady behavior, the last suggesting must of variability

observed in the total estimation is actually mainly held by the Western Boundary Current, presumably

by recirculation processes.

The interpretation of pycnocline level evolution is hard to understand since the pycnocline level

changes rather fast during certain periods. That means equatorward flow over the pycnocline is far to be

steady, complicating the interpretation of changes under sensitivity experiments. In terms of the interior

components, both sections show the main changes in faf-heat. The last is observed as a shallowing of

pycnocline from 1034.5 kg m! 3 toward nearly 1033.0 kg m! 3 in the case of the northern section and

from 1034.0 kg m! 3 toward nearly 1033.5 kg m! 3 in the case of the southern section. Worth to say,

no significant changes are observed in both sections in faf-stress. In terms of the variability of the

convergence of mass for both total and interior components, we have to remember the observed strong

variability under control simulation.
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At last, since low-frequency pycnocline flow prevails during this approach, it is clear that both py-

cnocline methods fail to try to capture the structure of the density levels. In that regard, we use the

mean value of this level instead of the time evolution of the pycnocline level mass convergence. The

last is based on preliminary analysis, which reveals a substantial reduction in transport variability by

means of the determination of such a level using the time-mean value. However, to note by using such an

approach, estimated transport is considerably weaker, suggesting on one hand, strong sensitivity of the

transport estimation to the selection of density limit, and strong recirculation of water masses within such

density levels. In other words, despite in the time domain equatorward fluxes seems to take place within

a wider range of density classes, it seems as if within such a density range an important re-circulation of

water is taking place masking the actual amount of water flowing toward the equator. Given the last,

the mentioned approach ignores such levels allowing us to undo this variability, at the cost of possibly

underestimating the equatorial flow.

Additionally, worth to emphasize that the sensitivity of the pycnocline depth location is particularly

under heat surface perturbation. Such variability was arguably related to a thermal adjustment of the

surface layer or readjustment of the pycnocline level. In this regard, the selection of a fixed density turns

into fail of estimated equatorward flux. In detail, as far as the equatorward flux is taking place in a

di↵erent density level, the last is expected. Finally using the uppermost 1000-m depth (third method)

the total mass convergence of roughly 53 to 54.5 Sv, while interior convergence transport lies between 12.5

and 13 Sv. No significant interannual variability is observed in either the total or interior components

(Fig. 3.22 and Table 3.3), suggesting this method is the most reliable approach among all our approaches.

The total equatorial convergence under equilibrium-state is 54 Sv with the Western Boundary Current

alone contributing with nearly 80% of the total (Fig. 3.22a,c,e). The last is in accordance with the

suggested dominant role of the Western Boundary Current in determining the Pacific Ocean variability

(Lu et al., 1998; Zhang, McPhaden, 2006; Capotondi et al., 2005; Gra�no et al., 2019, 2021). However, we

did not take into consideration such a component given the observed low-frequency variability, presumably

explained in terms of the recirculation of water masses not adequately resolved by the data within the

Western Boundary Current. Moreover, such contribution seems to be responsible for shadowing the

ultimate transient response of the system under sensitivity cases. Hence, we have only considered the

flow occurring within the interior ocean, several hundred kilometers away from the Western Boundary

Current, roughly between 180oW and 145oW in the Northern Hemisphere, and between 165oW and 90oW

in the Southern Hemisphere (Zhang, McPhaden, 2006).
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Figure 3.22: Pacific subtropical cell mass convergence (in Sv # 109 kg/s) in the equatorial region (9oN to
9oS) for each sensitivity experiment and the control simulation. Convergence is evaluated as the sum of
the southward and northward mass flow across 9oN and 9oS latitudes, respectively. Interior component
(b,d,f) is computed from America’s coastline to 145oE in the Northern Hemisphere and up to 165oE in
the Southern Hemisphere, while the total estimation spans along all longitudes (a,c,e). Mass convergence
estimation takes under consideration only the zonally and vertically integrated equatorward meridional
transports for the uppermost 1000-m depth.

Despite the interior contribution (12.80 Sv) being significantly smaller, once the Western Boundary

Current component is removed, both faf-stress and faf-heat experiments reveal significant changes (Fig.

3.22b,d,f and Table 3.3). This is the Northern Hemisphere’s equatorward flow strengthening of 6% (0.15

Sv) and the Southern Hemisphere’s equatorward flow weakening of 11% (-1.1 Sv) in faf-stress. In the case

of faf-water, only the Northern Hemisphere’s equatorward flow shows a significant weakening of 16% (0.4

Sv) and the same for the Northern Hemisphere’s equatorward flow in faf-heat with 6% weakening (0.16

Sv). According to the last, weakened SH cell in faf-stress is responsible for the observed strengthened

srADV. In contrast, NH cell circulation is weakened under both faf-water and faf-heat. However, while

in faf-water srADV cooling component is strengthened, in faf-heat the srADV component in the shallow

ocean reveals non-significant change.
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Table 3.3: The tropical Pacific Ocean zonally integrated equatorward transports in Sv [106 m3 s! 1]
across zonal sections at 9oN and 9oS. Equatorial mass convergence (sum of the equatorward transports)
is also shown. Results refer to the perturbation experiments and the control simulation as well. To
note, all transport estimations are positive despite the frame of reference. Anomalies represent a change
in intensity, on the understanding transport direction is implicit. Relative change with respect to the
equilibrium state is shown in bracket only if the change is greater than 1%.

Control faf-stress faf-water faf-heat
Subtropical Cell equatorward mass transport

Total
trans9N 22.60 -0.08 -0.5 (-2) -1.29 (-6)
trans9S 31.01 1.36 (4) 0.7 (2) -0.24 (-1)
Conv 53.61 1.28 (2) 0.2 -1.52 (-3)

Interior
trans9N 2.54 0.15 (6) -0.4 (-16) -0.16 (-6)
trans9S 10.26 -1.10 (-11) -0.4 (-4) -0.29 (-3)
Conv 12.80 -0.94 (-7) -0.8 (-6) -0.45 (-4)

Western Boundary Current
trans9N 20.06 -0.24 (-1) -0.1 (-3) -1.13 (-6)
trans9S 20.75 2.46 (12) 0.60 (-1) 0.05
Conv 40.81 2.22 (5) 0.60 (3) -1.08 (-3)
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3.3.4 Heat Transport by the Shallow Wind-driven Overturning Circulation

As an attempt to determine more feasible connections between circulation changes and budget determi-

nation, we have estimated the heat transport expression for the Shallow Wind-driven Overturn. Heat

transport is derived from the momentum balance in the Ekman Boundary Layer and the meridional tem-

perature gradient according to Klinger, Marotzke (2000). The heat transport is integrated zonally, along

with the extension of the basin, while the latitudinal direction is integrated from the minimum zonal

wind stress (approximately latitude 30o) toward latitude 10o in both hemispheres. The computation of

meridional heat transport is for the control simulation and under perturbed climate conditions as well.

Figure 3.23: Pacific Ocean ShallowWind-driven Overturning Circulation heat transport in PW [1015Js! 1]
derived from the momentum balance in the Ekman Boundary Layer. Results refer to each sensitivity
case (top panels) and the equilibrium state as well (bottom panels). To note the di↵erent vertical axis.

The meridional transport of heat in the control simulation is 0.46 PW for the NH, and 0.32 PW

for the SH (Fig. 3.23), in accordance with previous studies (Klinger, Marotzke, 2000; Talley, 2003).

In the SH only faf-stress and faf-heat produce significant changes. In detail, while faf-stress produced a

strengthening of 5% (0.05PW), in faf-heat cumulative heat transport increased by nearly 18% (0.06 PW).

In contrast, in the NH only faf-water and faf-heat had significant changes. In this case, while faf-water

intensified nearly 5% (nearly 0.02 PW) in faf-heat the meridional heat transport is weakened -7% (-0.03

PW)
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Interpretation of these results and their potential link with the heat budget analysis is not straightfor-

ward. For example, in the case of faf-stress, the upwelling-di↵usive balance is intensified (srADV cooling

strengthened) in both hemispheres. However according to the heat transport analysis here discussed,

while in the SH strengths, the NH shows no significant change. Similarly, in faf-water the net cooling of

the NH is achieved by srADC cooling strengthening. However here the heat transport by the Shallow

Wind-driven Overturning Circulation is actually increased. Even more, while the strong heat transport

in the SH could explain the observed srADV cooling weakening, the opposite interpretation should be

done for the NH given the strong decay in heat transport.

Lastly, both estimations fail to incorporate vertical dependence of the meridional overturning, so

lacking a direct connection with the vertical decomposition of the budget implemented here. In that

sense, we explore the use of the Subtropical cell maximum as a better proxy to evaluate the overall

cell overturning circulation since it encompasses both meridional and vertical circulation. Despite the

last, discrepancies between estimations persist. In the control simulation, the annual mean Subtropical

Cell maximum is 25 Sv in the NH and 32 Sv in the SH. Both faf-stress and faf-heat experiments reveal

the overall weakening of the overturning cells, while changes in faf-water are rather weak. These are

weakenings of -1.05 Sv in the NH under faf-stress and -1.36 Sv in SH in faf-heat (nearly 5% in both

cases), which is particularly contradictory in the case of the NH estimation since wind must strengthen

meridional circulation.

According to all the above, the characterization of shallow circulation requires a more exhaustive

representation. Such a description must manage to encompass characteristics such as the distribution of

the di↵erent water masses and the other dominant processes along the column, rather than just being a

simplistic approximation base on circulation proxies.
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3.3.5 Shallow and Deep Meridional Transports

Because ocean heat transport is linked to water mass transformation, it is useful to estimate the relative

contribution of the di↵erent water masses in the overall heat transport (Talley, 2003). Here, we analyze

the tropical Pacific Ocean meridional mass (Sv # 109 kg/s) and heat (PW # 1015 J s! 1) transports,

in both hemispheres. Meridional transports are for the Shallow Wind-driven Overturning Cell and the

zonally-integrated transport for di↵erent density classes, with each water mass classified according to its

ventilation level (see Table 2.1). As for the heat budget calculation, results are presented for both the

control simulation solution, and sensitivity cases.

The meridional transport inside the cell is divided into surface poleward transport, the Western

Boundary Current transport (WBC), and the interior equatorward transport (Fig. 3.24a), computed at

24oS and 24oN. Balance inside the overturning cell excludes transports within deeper levels of the WBC,

which flows outside of the gyre towards the subpolar region. Estimations consider mass balance adjusted

to zero, but there is a positive net heat transport for this mass-balanced shallow overturn (see Table 3.4

and 3.5).

The zonally-integrated mass and heat transport within di↵erent water masses, classified according to

their ventilation level, is shown in Fig. 3.24b. In this case, the transport associated with the upper layer

represents the residual between the total poleward WBC flow and the equatorward interior flow. All

remaining layers refer to meridional mass transports below the cell. In the control simulation, in the NH

the shallow overturning cell recirculates nearly 32 Sv and 2.34 PW according to the interior flow (Fig.

3.24a). The net heat transport by the shallow overturning contributes 0.56 PW, which is nearly 65%

of the total heat transport (0.88 PW), as reported by Talley (2003). Poleward transport by the cell is

not only given by the surface Ekman flow but also by WBC (nearly 60% in both cases), a contribution

related to the geostrophic circulation within the subtropical gyre.

In contrast, according to the zonally-integrated transports, most of the surface northward transport

returns within the cell (up to 65%) while the rest returns as intermediate water mixed with upwelled

deep water. Transfer between water mass classes and heat transports that go with these mass balances,

assuming the transfer occurs preferentially between most adjacent layers, is schematically represented

with vertical arrows in (Fig. 3.24b). In fact, in terms of the equatorward intermediate water, this is

mostly composed of surface water (4.67 Sv or nearly 99%) with a small contribution from upwelled deep

water which represents only around 6% of heat transport.
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Figure 3.24: Pacific Ocean meridional mass (in Sv # 109 kg/s) and heat (in PW # 1015 J s! 1) trans-
ports, in both Southern and Northern Hemispheres, in the control simulation. Computations consider
mass balance adjusted to zero across 24oS and 24oN, respectively. (a) Shallow Overturning Cell schemat-
ics inside the Subtropical Gyre. Meridional transport inside the cell is divided into surface poleward
transport, Western Boundary Current transport (WBC), and interior equatorward transport. Balance
inside the overturning cell excludes transport within deeper levels of the WBC (shaded area), which flows
outside of the gyre towards the Subpolar region. In the Northern Hemisphere, mass balance in the cell
is achieved by subtracting 14.73 Sv. Such contribution is identified as the Indonesian Throughflow and
Bering Strait contributions together (ITF/BS). In the Southern Hemisphere, the total heat transport
estimation includes the ITF/BS contribution (1.69 PW), while the shallow overturning term is zero by
construction. (b) Zonally-integrated transport for di↵erent density classes within each water mass is
classified according to its ventilation level. The Upper transport refers to the sum of all fluxes within the
Shallow Overturning Cell (poleward WBC plus equatorward interior flow, excluding the surface term).
Other terms refer to meridional mass transports below the cell. Vertical arrows indicate the mass transfer
between water classes and heat transports that go with the mass balances, assuming the transfer occurs
preferentially between most adjacent layers. Any heat exchange which does not imply mass exchange is
indicated as a white arrow.
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In the SH, the shallow overturning cell recirculates nearly 16 Sv and 1.7 PW according to the interior

flow (see Table 3.5 in A1). As in the NH, WBC transport is responsible for nearly 50% of both poleward

mass and heat transports. Here, mass balance in the cell is achieved by subtracting 14.73 Sv, a contribu-

tion identified as the combination of Indonesian throughflow and Bering Strait (ITF/BS) (Talley, 2003).

Although we cannot precisely determine the heat transport carried out only by the shallow overturning

cell, we can still argue that such a contribution exists and is mixed with the heat flux transport related to

the mass imbalance (1.69 PW). In the zonally-integrated mass and heat transports, the total and shallow

overturning transports are fully accounted for by the surface layer (-8.47 Sv and -0.90 PW). Most of the

surface poleward transport (nearly 70%) returns within the cell as upper waters (5.75 Sv and 0.66 PW),

while the rest returns as converted deep waters (2.72 Sv and 0.24 PW) mixed with poleward downwelling

intermediate waters (0.84 Sv and 0.08 PW). The contribution associated with intermediate waters is

rather secondary (20%).

In our model, the large-scale circulation at the bottom is not properly resolved, and the observed

heat transport can be explained in terms of recirculating deep water. Despite there being no volume

contribution from bottom waters, it seems that recirculating deep waters promote a di↵usive transfer of

heat towards the bottom of 0.08 PW, which nearly represents 25% of the heat convergence within the

deep waters. While the shallow ocean determines nearly the entire meridional mass and heat transports

in the NH (99% and 94%, respectively), it represents most of the transports in the case of the SH (nearly

68% and 73%, respectively). Moreover, the WBC plays an important role in the overall poleward shallow

overturn transport of both mass and heat (more than 50% in each case).
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In faf-stress, the NH Shallow Overturning Cell reveals an overall weakening (Fig. 3.25a). This is due

to a weakened subsurface geostrophic flow, arising from both interior equatorward transport (-11% or

-3.66 Sv and -0.22 PW) and WBC transport anomalies (-20% or -3.89 Sv and -0.08PW) (see Table 3.4).

In contrast, the production of dense water by the cell is significantly increased (8% increase in residual

transport), given by the increased surface poleward transport (2% or 0.23 Sv and 0.01 PW). This is

in accordance with the strengthening in equatorward intermediate (1% or 0.04 Sv) and deep (160% or

0.32 Sv) water mass production, and the weakened poleward deep water mass production (-20% or 0.01

Sv) quantified by the zonally-integrated mass and heat transports (Fig. 3.25b), presumably explained in

terms of reduced mid-latitude subduction.

The observed ocean stratification changes support the last. In faf-stress within the cell (Fig. 3.28a),

the water column su↵ers a general increase in stratification, mainly within the upper 300-m depth. The

strongest stratification changes are located in the tropics and mid-latitudes. While in the equatorial

area increased stratification is located right in the upwelling region, in mid-latitudes (both hemispheres)

increased stratification signal extends all along the downwelling branch. In contrast, the deep ocean

stratification changes seem to be conveyed from upper levels outside the tropical ocean. The last agrees

with observed net heat cooling imbalances in both shallow and deep oceans, increased srADV cooling,

and vDIFF warming. According to the last, while the shallow ocean strengthened circulation produces

cooling in the deep ocean weakened stratification intensified intermediate water production leading to

the warming of the deep ocean.

Similarly, the SH Shallow Overturning Cell reveals an overall strengthening of nearly 10%. However,

while the surface mass and heat transport changes (-0.74 Sv and -0.07 PW) are in accordance with the

mentioned circulation strengthening, the WBC and residual transports reveal an actual weakening (-8%

and -12%, respectively). The last could be explained in terms of the decreased mid-latitude subduction

of surface water outside of the cell. The intensified overturn circulation, and export of dense water out

of the cell is suggested by the zonally-integrated mass and heat transport, where strengthened surface

transport is compensated by strengthened equatorward transport (18% or -1.06 Sv). Hence, intensification

of the overturn reduces the poleward transport outside of the cell, inhibiting the formation of dense

water. so weakening the production of intermediate and deep water masses. The strengthening of the

Shallow Overturning Cell and the significant weakening of dense water formation at higher latitudes is in

accordance with the strengthened advective cooling compensated by vertical di↵usive warming observed

in the heat balance.

70



§

13.83 Sv / 1.27 PW (Surface)
14.33 Sv
1.56 PW
(WBC)

5.04 Sv
0.34 PW

-28.16 Sv
-2.12 PW
(Interior)

§

-9.21 Sv / -0.97 PW (Surface)
-7.40 Sv
-0.74 PW
(WBC)

-2.40 Sv
-0.24 PW

16.61 Sv
1.71 PW
(Interior)

13.49 Sv
1.62 PW
(ITF/BS)

a)

Sv Sv

b)
-9.21 Sv
-0.97 PW

6.81 Sv
0.73 PW

0.04 Sv
0.01 PW

-0.69 Sv
-0.06 PW

3.05 Sv
0.21 PW

0.00 Sv
0.08 PW

13.83 Sv
1.27 PW

-0.52 Sv
-0.03 PW

0.24 Sv
0.03 PW

-4.76 Sv
-0.34 PW

0.00 Sv
0.00 PW

- 8.79 Sv
-0.22 PW

0.0 Sv / 0.08 PW

2.36 Sv / 0.23 PW

0.27 Sv /  0.00 PW

0.71 PW

Total heat 
transport =   
1.38 PW
(ITF/BS 
included)

Total heat 
transport = 
1.05 PW

faf-stress
U
pp
er

North South

Figure 3.25: As in Fig. 3.24 but for faf-stress.

71



In faf-water, the Shallow Overturning Cell reveals an overall weakening in both hemispheres (Fig.

3.26a). In the case of the NH, this is suggested by poleward surface transport weakening (-5%) and

returning interior transport weakening (-3%). In contrast, the production of dense water by the cell

significantly decreased (-20% in residual transport). The last is reflected by the reduction of intermediate

water production (15% weakening) in our zonal integration representation. Moreover, the production of

deep water seems to be totally brought down given the change of sign in the flow (from -0.20 Sv in the

control to 0.16 in faf-water) (Fig. 3.26b). In the case of the SH the overall weakening of the Shallow

Overturning Cell is suggested by both the weakening in the poleward surface transport (-3% weakening

of the surface flow and -5% of the WBC) and in the returning interior transport (-4.5%) (see Table 3.5).

However, in contrast to the faf-stress experiment, here the residual contribution is slightly increased

(1%). The last is particularly in contrast to the zonally integrated transport of intermediate and deep

water. Despite the residual contribution from the overturn only slightly increased (1%), both intermediate

and deep water transport show a significant weakening of -70% and -25% respectively. The last suggests

that the change in the production of such water seems to be unrelated to the cell. In fact, in faf-water

the upper levels of the cells show increased stratification, particularly in the tropical region (Fig. 3.28b).

In contrast, in the subducting branch of the cell, stratification is increased, clearly in opposition to the

observed deep water production. More analysis should be done on the way to clarify this.

The overall weakening of the overturns is particularly in agreement with the observed cooling of

the shallow ocean. However, despite in both experiments the net cooling being explained in terms

of upwelling-di↵usive balance changes, there are fundamental di↵erences in how such imbalances are

arranged. In faf-water heat budget changes are triggered by vDIFF changes given the intensified surface

stratification. In other words, despite the overall weakening of the overturn should be accompanied by

the weakening of the srADV cooling in the budget, here the vDIFF change is strong enough to dominate

the balance.

Our results seem to be in line with deep ocean stratification changes, which seem to be conveyed

from upper levels in the subtropical ocean so arguably related to the water masses’ convergences. On

other hand, while the SH of the Shallow Overturning Cell is significantly decreased as well, in terms

of the ocean heat budget, the shallow ocean seems to be nearly in equilibrium, despite the significant

weakening of the upwelling-di↵usive balance. Observed changes are rather small and interpretation of

them in relationship with the heat budget and the regional circulation is complicated. The reason why

such circulation change is not strong enough to set any significant cooling is not clear.
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Moreover, the observed decrease in dense water production by the cells is in agreement with the net

cooling of the deep ocean by weakened srADV cooling. However, our results show rather weak cool

changes in the heat budget. Given the last, interpretation of the results must be handled with care,

particularly in the NH where strong weakening of deep water produces almost no impact on the deep

ocean heat budget. More analysis must be done on the way to, first, to identify the relationship between

the water circulation and the srADV component, and second, to understand the e↵ects of freshwater

perturbation in the meridional circulation and heat budget determination.
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Figure 3.26: As in Fig. 3.24 but for faf-water.
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Results in faf-heat are shown in Fig. 3.27. Based on the large surface poleward flow strengthening in

mass and heat transports, NH Shallow Overturning Cell reveals an overall strengthening (20%). The last

is produced by the surface layer alone since the WBC contribution is actually weakened (-6% or -1.16

Sv and -0.02 PW). In fact, according to the zonally-integrated transports, both poleward surface and

equatorward upper transports are significantly intensified (20% and nearly 50% increase, respectively).

So, despite the cell circulation strengthening, the net poleward surface transport outside of the cell is

weakened, as the subsequent downwelling of this water towards deeper levels. The last is suggested

by both, the significant reduction of the residual transport (-35% or -1.61 Sv and -0.13 PW) and the

equatorward intermediate water mass production weakening (-31% or -1.46 Sv and -0.11 PW ).

In contrast to the NH, the SH Shallow Overturning Cell reveals a non-significant change in circulation

(changes of the shallow overturn components are not larger than 1%). However, once we consider the

zonally integrated transport, while the poleward surface transport reveals no significant change, the upper

equatorward transport shows a significant increase of nearly 25% (1.4 Sv or 0.5 PW). This is explained

in terms of the significant reduction of residual transport by the WBC (-55% or -1.5 Sv and -0.16 PW).

In fact, this reduction in mass export by the cell towards deeper levels seems to be responsible for the

observed deep water production weakening (-35% or -1.25 Sv and 0 PW) and the poleward intermediate-

to-deep water strengthening by recirculation of the subducted water.

The strengthening of the NH overturning cell, accompanied by the significant weakening of dense

water production (nearly 50% weakening in both hemispheres), is in agreement with the shallow and deep

ocean net warming (by reduced srADV cooling and increased vDIFF warming). The strengthened cell

circulation seems to promote the reduction of the transport of mass and heat out of the cell, so increasing

heat content by retention of warmer water. In contrast, the same intensification of cell circulation

seems to promote the reduction of dense water production, weakening deep-to-abyssal branches of the

overturning circulation (weakened srADV cooling). In the SH, a similar mechanism (reduction of dense

water production), may explain the overall warming of the deep ocean. The last is supported by the

observed increased stratification signal in both shallow and deep oceans (Fig. 3.28c). While in the

case of the shallow ocean, changes are primarily located within the upper levels, in the deep ocean the

stratification changes seem to be conveyed from upper levels outside the tropical ocean, emphasizing the

role of the mean advective and isopycnal pathways toward the ocean interior.
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Figure 3.27: As in Fig.3.24 but for faf-heat.
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Figure 3.28: Changes in zonal-mean buoyancy frequency (ie. ocean stratification) for the tropical Pacific
Ocean in di↵erent sensitivity cases. Strengthened stratification (reduction of vertical density profile) is
indicated in positive values. The deepest limit of the Shallow Ocean regime, the base of the Shallow
Overturn, is shown as the thick black line. Meridional transports (in Sv # 109 kg/s) are also shown (gray
contours). Results are time-mean for the last decade.
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According to the above, both faf-stress and faf-heat are the only two experiments producing significant

changes in the meridional mass transport, particularly in the shallow overturn.

The observed results under faf-stress experiment are in general in agreement with previous studies.

This is the case for Wang, Cane (2011) which by using an ensemble of seven CMIP3 models analyzed

the projected long-term change in the shallow meridional overturning of the Pacific subtropical cells in

the twenty-first century. Based on the interior pathways over the pycnocline toward the Equator they

observed consistent circulation changes as a response to large-scale surface wind changes over the tropical

Pacific. In detail, while in the NH, the ensemble analysis reveals a consistent cell weakening, in the

SH they found the opposite, a significant strengthening of the subtropical cell circulation. The last is

particularly in agreement with the equatorward transport changes observed here (NH increased and SH

weakened transports). However, mentioned changes are also in conflict with the observed intensified

poleward surface flow in both hemispheres, also observed here (see Fig. 3.25). According to Wang, Cane

(2011) the reduction in the equatorward flow over the pycnocline is given by a reduction in the poleward

Ekman flow produced by the expected general wind stress weakening over the basin.

In contrast, in our case, such an explanation is conflictual, since the faf-stress field does not show such

a feature (see Fig. 2.1). In fact, despite the weakening in the equatorward flow in the NH, according

to our results, the surface poleward flow is actually intensified. However, the observed reduction in the

interior returning flow in faf-stress is in line with the estimated reduction in mid-latitude downwelling

flow (not shown) and the increased dense water production which flows out of the overturn toward higher

latitudes and ultimately goes toward the deep ocean (Fig. 3.25). According to the last, our results

manage to emphasize the importance of taking into consideration the di↵erent density classes within

each water mass for the characterization Shallow Overturning Cell schematics inside the Subtropical

Gyre and not only the meridional equatorward transport occurring inside the pycnocline as extensively

done by previous studies.

In accordance with our zonally integrated transport analysis, in both hemispheres, the strongest

changes in circulation are experienced only under the faf-heat experiment. In detail, while in the NH the

observed intensification of the overturning cell is achieved by the surface transport (from 13.60 Sv in the

control to 16.31 Sv), in the SH the intensified circulation is led by the returning transport (from 5.75

Sv in the control to 7.16 Sv). However, given the distribution and intensity of the perturbation fields

(Fig. 2.1) while the circulation changes under faf-stress experiment are expected, observed changes in

faf-heat are not as straightforward. In the case of the last (Fig. 3.27a), since the WBC changes are rather

small (in contrast to the interior flow changes) the overall change in circulation seems to be accounted

by surface transport alone. According to this, the conceptual problem to be explained here is in terms

of trying to find what it is the actual cause for the surface transport intensification in faf-heat.
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Under the wind stress perturbation, the circulation changes in the shallow overturn are simply ex-

plained in terms of intensified wind-driven circulation and subsequent subduction. In fact, according to

the overturning cell transports in faf-stress (Fig. 3.25a), to note the WBC is actually weakened in both

hemispheres, suggesting mass transport in this level is accounted as the residual between the poleward

WBC transport and the interior equatorward flow. In contrast, in the case of the heat flux perturbation,

the intensified circulation must be explained in a di↵erent fashion, since such an experiment lacks any

wind stress perturbation.

In that regard, here we have analyzed the meridional mass transports within the Shallow Wind-driven

Overturning Cell and the distribution of the isopycnal field, for the time-mean state (Fig. 3.29). Zonal

sections are located in the mid-latitude subducting areas. The di↵erent density classes shown are in

accordance with the classification used in the section above (see Table 2.1). Results are presented for

both the control simulation solution, and sensitivity cases. As before, the meridional transport inside the

cell is divided considering the surface poleward transport, the Western Boundary Current transport, and

the interior equatorward transport (see schematic in Fig. 3.29c).

To note all the features of the Shallow Overturning Cell inside the Subtropical Gyre are well repre-

sented in the control state (Fig. 3.29a,b). The mentioned features are, the surface poleward transport,

the intense and narrow WBC, and the interior equatorward flow spanning along most of the basing width.

In the case of the circulation and density field under each di↵erent sensitivity experiment, only in the case

of the faf-heat experiment (Fig. 3.29g-h) changes are distinctly strong, since in the two other experiments

do not reveal any particular change in the density levels (Fig. 3.29c,d, and Fig. 3.29e-f). Based on the

vertical displacement of the intermediate isopycnals, and given the rather weak changes in circulation,

it is suggested that the main contributor to the strengthened meridional mass transport by the cell is

strongly dependent on the representation of the density field. The last is the case for the multimodel

ensemble mean analysis done by Wang, Cane (2011) in which they found that the change of the western

boundary pycnocline transport is strongly a↵ected by the shoaling of the pycnocline base. Moreover,

they found that the weakening of the interior pycnocline transport under global warming is associated

with the relaxation of the zonal pycnocline tilt. The shoaling of the pycnocline base strongly a↵ects the

changes in western boundary pycnocline transport by transport reduction above the pycnocline base.

While our results seem to be in accordance with the above-shown explanation they also suggest that the

observed transient change will be considerably weaker if the poleward western boundary flow above the

pycnocline will not show such a strong pycnocline dependency.

According to the last, while the circulation changes in faf-stress should be mainly attributed to

the velocity field and mass transport changes, in the case of the faf-heat experiment the substantial

intensification of the shallow overturning circulation reveals a strong dependency on the presence and

production the di↵erent water masses, particularly near the surface, and the pycnocline evolution.

78



North South

Figure 3.29: Zonal Pacific Ocean meridional mass transport (in Sv # 109 kg/s) across 24oS (left column)
and 24oN (right column), respectively. Results represent time-mean solutions for the control simulation
(a,b) and the di↵erent sensitivity experiments (c-h). The potential density levels (in kg m ! 3) correspond-
ing to the di↵erent experiments (black contours) and under control state are also shown (gray contours).
The color fields represent the absolute meridional transport in the case of the control simulation, and
the anomalies in transport under each sensitivity case (with positive values representing northward flow).
The vertical dashed gray represents the limit between the poleward Western Boundary Current (left)
and the interior equatorward transport (right). The bottom of the Shallow Overturn is indicated by the
potential density level of 35.4 kg m ! 3 in the Southern Hemisphere and 36.3 kg m ! 3 in the Northern
Hemisphere, respectively.
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Table 3.4: Northern Hemisphere Pacific Ocean meridional mass transport in Sv [106 m3 s! 1] and heat
transport in PW [1015 J s! 1] across 24oN. Results refer to the annually averaged meridional transports
under the di↵erent sensitivity experiments and the equilibrium-state solution (Control). Our estima-
tions consider mass balance adjusted to zero across 24oN. Meridional transport inside the cell is divided
into surface poleward transport, Western Boundary Current transport (WBC), and interior equatorward
transport. Balance inside the overturning cell excludes transport within deeper levels of the WBC (Resid-
ual), which flows outside the gyre toward the Subpolar region. Both shallow overturning and total heat
transport estimations are also shown. The zonally-integrated transport for the di↵erent density classes,
with each water mass classified according to its ventilation level, is also shown. The Upper transport
refers to the sum of all fluxes within the Shallow Overturning Cell (poleward WBC plus equatorward
interior flow, excluding the surface term). The rest of the terms refer to meridional mass transports
below the cell. The relative change of each component with respect to the equilibrium state is shown in
brackets. Data are time-averaged over the last decade of each simulation period.

Mass transport
Stress Water Heat Control

Shallow Overturning Cell
Surface 13.83 (2%) 12.86 (-5%) 16.31 (20%) 13.60
WBC 14.33 (-20%) 19.63 (8%) 17.06 (-6%) 18.22
Interior -28.16 (-11%) -32.48 (2%) -33.37 (5%) -31.82
Residual 5.04 (8%) 3.71 (-20%) 3.06 (-35%) 4.67
Imbalance 2.00 0.59 -1.35 0.47

Zonally integrated transport (whole column)
Surface 13.83 (2%) 12.86 (-5%) 16.31 (20%) 13.60
Upper -8.79 (-2%) -9.14 (2.35%) -13.25 (48%) -8.93

Intermd. -4.76 (0.8%) -4.00 (-15%) -3.26 (-31) -4.72
Deep. -0.52 (160%) 0.16 0.11 (45%) -0.20
Deep 2 0.24 (-20%) 0.12 (-52%) 0.09 (-64%) 0.25
Bottom 0.00 0.00 0.00 0.00

Heat transport
Stress Water Heat Control

Shallow Overturning Cell
Surface 1.27 1.17 1.50 1.26
WBC 1.56 1.78 1.62 1.64
Interior -2.12 -2.34 -2.72 -2.34
Residual 0.34 0.24 0.19 0.32
Overturn 0.71 0.61 0.40 0.56
Total 1.05 0.85 0.59 0.88

Zonally integrated transport (whole column)
Surface 1.27 1.17 1.50 1.26
Upper -0.22 -0.32 -0.91 -0.38

Intermd. -0.34 -0.27 -0.23 -0.34
Deep -0.03 0.01 0.02 0.00
Deep 2 0.03 0.02 0.02 0.02
Bottom 0.00 0.00 0.00 0.00
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Table 3.5: As in Table 3.4 but for the Southern Hemisphere meridional mass transport across 24oS.
The Indonesian Throughflow and Bering Strait throughflow (ITF/BS) contributions are also shown. The
total heat transport estimation includes such contribution, while the shallow overturning term is zero by
construction.

Mass transport
Stress Water Heat Control

Shallow Overturning Cell
Surface -9.21 (9%) -8.21 (-3%) -8.38 (-1%) -8.47
WBC -7.40 (-8%) -7.52 (-6%) -8.03 (0.1%) -8.02
Interior 16.61 (0.7%) 15.74 (-4.5%) 16.42 (-0.4%) 16.49
Residual -2.40 (-12%) -2.75 (1%) -1.23 (-55%) -2.72
Imbalance 13.49 (-8%) 15.23 (3%) 13.66 (-7%) 14.73

Zonally integrated transport (whole column)
Surface -9.21 (9%) -8.21 (-3%) -8.38 (-1%) -8.47
Upper 6.81 (18%) 5.47 (-5%) 7.16 (24%) 5.75

Intermd. 0.04 (-130%) -0.01 (-70%) -0.11 (260%) -0.03
Deep -0.69 (-15%) -0.61 (-25%) -0.97 (20%) -0.81
Deep 2 3.05 (-14%) 3.36 (-6%) 2.31 (-35%) 3.56
Bottom 0.00 0.00 0.00 0.00

Heat transport
Stress Water Heat Control

Shallow Overturning Cell
Surface -0.97 -0.87 -0.88 -0.90
WBC -0.74 -0.81 -0.86 -0.83
Interior 1.71 1.68 1.74 1.73
Residual -0.24 -0.22 -0.07 -0.24
ITF/BS 1.62 1.71 1.61 1.69
Total 1.38 1.49 1.54 1.45

Zonally integrated transport (whole column)
Surface -0.97 -0.87 -0.88 -0.90
Upper 0.73 0.65 0.81 0.66

Intermd. 0.01 0.00 -0.01 0.00
Deep -0.06 -0.05 -0.09 -0.08
Deep 2 0.21 0.25 0.14 0.24
Bottom 0.08 0.03 0.03 0.08
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Chapter 4

Summary and Conclusions

We have analyzed the heat budget and mass and heat transports in the tropical Pacific, in the control

simulation, and under the surface flux anomalies of stress, water, and heat climate response (faf-stress,

faf-water and faf-heat). Significant changes are only observed under faf-stress and faf-heat since the

e↵ects under the freshwater perturbation are not clear enough and in most cases are non-significant.

Using the super residual advection framework, (Dias et al., 2020) we have characterized the tropical

Pacific heat budget into two opposite regimes, the shallow ocean regime, arguably representative of the

Shallow Wind-driven Overturns, and the deep ocean regime, representative of the lower branches of the

meridional overturning circulation (for a schematic summary of the Pacific Ocean Shallow Wind-driven

Meridional Overturning Circulation changes and the related net change of the heat budget see Fig. 4.1).

In the unperturbed case (control), net balance is mostly achieved by super residual advection (srADV)

cooling and vertical di↵usive warming vDIFF, with the shallow ocean holding most of the balance in both

hemispheres. In terms of circulation, in the NH the shallow overturning cell recirculates nearly 32 Sv

and 2.34 PW. Most of the surface northward transport returns within the cell (up to 65%) while the

rest returns as intermediate water mixed with upwelled deep water. In the SH the shallow overturning

cell recirculates nearly 16 Sv and 1.7 PW. Most of the surface poleward transport (nearly 70%) returns

within the cell as upper waters (5.75 Sv and 0.66 PW), while the rest returns as converted deep waters.

In faf-stress, the net imbalance is the result of an intensification of the advective cooling compensated

by vertical di↵usive warming in both hemispheres. While in the NH the negative imbalance is given by

the shallow ocean srADV, in the SH the positive imbalance is produced by enhanced vDIFF in the deep

ocean. Under wind stress perturbations the NH Shallow Overturning Cell reveals an overall weakening.

Presumably by this, the production of dense water by the cell is significantly increased. Similarly, the

SH Shallow Overturning Cell reveals an overall strengthening. In addition intensification of the overturn

seems to be the cause for the significant weakening of dense water
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In faf-heat, in both hemispheres, total warming imbalances are set primarily by strengthened vD-

IFF. In both cases, the source of heating is the strengthened vDIFF heat and reduced srADV cooling.

Moreover, in faf-heat NH Shallow Overturning Cell reveals an overall strengthening. Despite the cell

circulation strengthening, the net poleward surface transport outside of the cell is weakened, as the sub-

sequent downwelling of this water towards deeper levels. In contrast, in the case of the SH Shallow

Overturning Cell, the reduction in mass export by the cell towards deeper levels seems to be responsible

for the observed deep water production weakening.

The Shallow Overturning Cell changes under faf-heat are in accordance with the net heat imbal-

ance resulting from intensified advective cooling compensated by vertical di↵usive warming. Similarly,

the overall Shallow Overturning Cell circulation strengthening in both hemispheres and the subsequent

reduction in mass export by the cell towards deeper levels seem to be responsible for the shallow and

deep ocean warming, it arguably explained the total warming imbalance is set primarily by strengthened

vertical.
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Figure 4.1: Schematic representations of the Pacific Ocean Shallow Wind-driven Meridional Overturning
Circulation changes as in Fig. 2.3. Changes in the meridional mass transport inside the overturn, both
upper poleward and lower equatorward branches are represented by horizontal arrows. Meridional mass
transport associated with the production of dense water out of the shallow overturn is also shown (bottom
figure arrows). Results refer to the faf-stress (black arrows) and the faf-heat (red arrow) experiments.
The actual values of the anomalies are indicated inside the white boxes. The direction of the arrows is
meant to represent the sign of the anomalies. The di↵erences in the size of the red arrows are meant to
represent the observed stronger changes under faf-heat. The net change in the heat budget balance, for
both shallow and deep ocean, is also shown (gray boxes).
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