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Abstract

The ocean circulation dynamics in the Southern Hemisphere have
an important role in the global climate system. The system of ocean
currents knwon as Meridional Overturning Circulation (MOC) connects
and redistributes salt, heat, and other biogeochemical tracers across the
different ocean basins. Here, we dectail the South Atlantic Ocean
circulation patterns by analyzing hydrographic data from several cruises
using an inverse box model to adjust the reference-level velocities. The
upper layer currents, such as the northwestward-flowing Benguela Current
and southward-flowing Brazil Current, describe the South Atlantic
anticyclonic gyre. The deep layers feature the southward transports of the
deep boundary currents and a west-to-east flow between the basins near
24°S (7.5 + 4.4 Sv) above the Mid-Atlantic Ridge. Both upper and deep
layers connect the eastern and western basins; however, the abyssal waters
present northward mass transports through Argentina and Cape Basins
without any interbasin exchange across the Mid-Atlantic Ridge.
Furthermore, the cruise data allow us to compute the upper AMOC
(Atlantic MOC) strength, as well as the transports of mass, heat, and
freshwater, demonstrating the characteristic northward heat transport and
the dominance of evaporation over precipitation across the subtropical

South Atlantic.

Currently, the freshwater transport by the AMOC (M,,) across
34.5°S in the South Atlantic has been identified as a possible indicator of
AMOC stability, with a negative (southward) freshwater transport
indicating a possible bistable AMOC regime and positive (northward)
transport indicating a monostable regime. This Ph.D. thesis computes the

M,y using observations from 49 eXpendable BathyThermograph (XBT)
X1



transects, from South America to South Africa, over nearly two decades
(2002-2019), resulting a negative M,, mean of —0.15 + 0.09 Sv which
suggests a bistable AMOC regime. These results are complemented with
two data sets derived from Argo float observations, four Ocean General
Circulation Models (OGCMs: GLORYS, OFES, MOMG6-JRA, and
MOMG6-MERRA), and thirty-two Coupled General Circulation Models
(CGCMs: CMIP6). Both Argo and OGCMs data sets agree with the sign
of the M,, computed from the XBT data. Nevertheless, more than half of
the examined CGCMs, 20 out of 32, present positive M,, mean values. To
investigate the causes of the differing signs of the M,, across the models,
we examine the salinity vertical structure in CGCMs with positive and
negative M,,. Importantly, our work highlights the different salinity
structures in CMIP6 models with positive M,, means (fresher upper and
saltier deep waters compared to those estimating negative M,, values),
suggesting that salinity biases may be responsible for the opposite sign of
M,,. As aresult, this thesis highlights the importance of improving CMIP6
model representations, especially the salinity bias. In addition, we compute
the South Atlantic meridional fluxes (mass, heat, and salt) at 34.5°S, which
show linear relationships, with a negative slope (positively correlated in
magnitude) between M,,/MOC and M,,/MHT (Meridional Heat Transport)
and a positive slope (positively correlated) between MHT/MOC.
Seasonally, the South Atlantic meridional fluxes across 34.5°S from most
of the data sets considered in this thesis show a more negative M,, and a
more positive MOC and MHT in the austral fall and winter, from April to
August.

This research further extends to the South Pacific Ocean. In the
same way as the South Atlantic, we use cruise data with an inverse box

model to compute the meridional circulation and transports. We use
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hydrographic data to compare the circulation of three decades: 1992, 2003,
2009, and 2017. This comparative analysis reveals different horizontal
circulation schemes, particularly the emergence of a "bowed gyre" in 2009,
which is not replicated over the entire length of any of the four OGCMs
(ECCO, GLORYS, SOSE, and MOM) used. In addition, our observational
and numerical model data highlight discrepancies in the representation of
the East Australian Current. However, the representation of the Peru-Chile
Current is consistent across the data sets. Furthermore, this thesis
computes the temperature and freshwater transports from the cruise data,
estimating significantly different results during the “bowed gyre” in 2009.
A linear Rossby wave model is adopted to clarify the causes of these
different circulation schemes, which includes the wind stress curl
variability as a remote forcing and the response to sea surface height

changes along 30°S in the Pacific Ocean.

The present Ph.D. thesis significantly contributes to understanding
ocean circulation variability in the South Atlantic and South Pacific
Oceans. By combining data from observations with numerical model
outputs, this research provides a comprehensive perspective on ocean

dynamics and offers implications for future climate change projections.
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Resumen

La circulacion oceénica en el hemisferio sur desempefia un papel
fundamental en el sistema climatico global. En particular, la Circulacion
Meridional de Retorno (MOC, por sus siglas en inglés, Meridional
Overturning Circulation) es un sistema de corrientes ocednicas que
interconecta las distintas cuencas oceanicas, redistribuyendo salinidad,

calor y otros trazadores biogeoquimicos.

En esta tesis se analizan los patrones de circulacion en el Atlantico
Sur mediante datos hidrograficos obtenidos en tres campanas
oceanograficas, utilizando un modelo inverso de cajas para ajustar las
velocidades en el nivel de referencia. Ademas, se describen las corrientes
superficiales, tales como la Corriente de Benguela, que fluye hacia el
noroeste, y la Corriente de Brasil, que se desplaza hacia el sur; ambas
formando parte del giro anticiclonico del Atlantico Sur subtropical. En las
capas profundas, las corrientes de frontera transportan masas de agua hacia
el sur y se observa un flujo entre las cuencas, de oeste a este, por encima
de la Dorsal Mesoatlantica a una latitud de alrededor de 24°S, con un
transporte de 7,5 + 4,4 Sv. Tanto las corrientes superficiales como las
profundas conectan las cuencas del oeste y el este; sin embargo, las aguas
abisales se mueven hacia el norte desde las cuencas de Argentina y del
Cabo, sin presentar ningin intercambio por encima de la Dorsal
Mesoatlantica. Asimismo, el andlisis de datos hidrograficos nos ha
permitido estimar la intensidad de la Circulacion Meridional de Retorno
Atlantica (AMOC, por sus siglas en inglés, Atlantic Meridional
Overturning Circulation) asi como los transportes de masa, calor y agua
dulce. De esta forma, este estudio nos ha permitido corroborar la existencia

del transporte caracteristico de calor hacia el norte y la predominancia de
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la evaporacion sobre las precipitaciones en toda la zona subtropical del

Atlantico Sur.

Actualmente, el transporte de agua dulce por la AMOC (M) en la
latitud de 34,5°S en el Atlantico Sur se ha identificado como un posible
indicador de la estabilidad de la AMOC. Un transporte de M,, negativo
(hacia el sur) sugiere un régimen biestable, mientras que un transporte
positivo (hacia el norte) indica un régimen monoestable. Esta tesis estima
el M,, a partir de datos observacionales de 49 transectos entre Sudamérica
y Sudafrica, obtenidos mediante BatiTermografos eXpendibles (XBT) a lo
largo de casi dos décadas (2002-2019). El valor medio estimado del M,,
es de -0,15 = 0,09 Sv, lo que indica que la AMOC se encuentra en un
régimen biestable. Este resultado se complementa con dos conjuntos de
datos de boyas Argo, cuatro Modelos de Circulacion General Oceénica
(OGCMs: GLORYS, OFES, MOM6-JRA y MOM6-MERRA) y 32
Modelos de Circulacion General Acoplados (CGCMs: CMIP6). Tanto los
conjuntos de datos de boyas Argo como los OGCMs coinciden en estimar
un M,, negativo, similar al obtenido con los datos XBT. Sin embargo, mas
de la mitad de los CGCMs examinados, 20 de 32, presentan valores medios
de M., positivos. Para investigar las causas de estas discrepancias, se
examina la estructura vertical de la salinidad en los CGCMs con M,y
positivo y negativo. Los resultados sugieren que el sesgo en la salinidad
podria explicar estas discrepancias, ya que los modelos con M,, positivo
presentan aguas superficiales mas dulces y aguas profundas mas salinas en
comparacion con los modelos con M,, negativo. Por lo tanto, esta tesis
enfatiza la necesidad de mejorar las representaciones de los modelos
CMIP6, en particular el sesgo de salinidad. Ademas, se calculan los flujos
meridionales de masa (MOC), calor (MHT, por sus siglas en inglés,

Meridional Heat Transport) y sal (M,,) del Atlantico Sur, revelando
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relaciones lineales entre ellos. Se observa una pendiente negativa
(correlacion positiva en magnitud) entre M,,/MOC y M,,/MHT, mientras
que la relacion entre MHT/MOC muestra una pendiente positiva
(correlacion  positiva). Estacionalmente, estos flujos meridionales
presentan un M,, mas negativo y un MOC y un MHT mas positivos durante
el otofio y el invierno austral (de abril a agosto), lo que se observa de forma

consistente en la mayoria de los conjuntos de datos analizados en esta tesis.

Esta investigacion se extiende también al Océano Pacifico Sur,
utilizando datos de campanas oceanograficas y un modelo inverso de caja
para calcular la circulaciéon meridional y los transportes de masa, calor y
agua dulce. El andlisis se realiza comparando tres décadas (1992, 2003,
2009 y 2017) y se revelan diferencias en los patrones horizontales de
circulacion. Se destaca la aparicion de un “giro arqueado” en 2009, que no
es replicado por ninguno de los cuatro OGCMs utilizados (ECCO,
GLORYS, SOSE y MOM). Adicionalmente, utilizando datos
observacionales y OGCMs, se identifican discrepancias en la
representacion de la Corriente de Australia Oriental, mientras que la
Corriente de Perti se muestra coherente. Las estimaciones de los
transportes de calor y agua dulce también presentan valores
significativamente diferentes en 2009, el afio del “giro arqueado”. Para
comprender estas diferencias, se adopta un modelo lineal de ondas de
Rossby, considerando la variabilidad del estrés del viento como
forzamiento remoto y la respuesta de la altura del nivel del mar a lo largo

de 30°S en el océano Pacifico.

En conjunto, la presente tesis doctoral contribuye
significativamente a la comprension de la variabilidad de la circulacion

oceanica en los océanos Atlantico Sur y Pacifico Sur. Mediante el uso de
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datos observacionales junto con datos de modelizacion numérica, esta
investigacion ofrece una perspectiva completa de la dindmica oceénica en
estas regiones, lo que tiene importantes implicaciones para las

proyecciones futuras sobre el cambio climatico.
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1.1 Meridional Overturning Circulation

The Meridional Overturning Circulation (MOC) is a large-scale
system of ocean currents that links the Atlantic, Pacific, Indian, and Arctic
Oceans through the Southern Ocean (Figure 1.1). Its main driving
mechanisms include diapycnal mixing in the abyssal layers, wind-driven
upwelling in the Southern Ocean, and deep convection in the North
Atlantic’s high-latitude regions and near Antarctica (Lee et al., 2023;
Munk & Wunsch, 1998; Schmitz, 1995; Talley, 2013). The MOC is a
cornerstone of the Earth’s climate system, driving the redistribution of
heat, salt, carbon, nutrients, and other biogeochemical tracers across
hemispheres and ocean basins, with profound implications for global
climate stability (e.g., Cainzos et al., 2022a; 2022b; Macdonald &
Wunsch, 1996; Talley, 2008).

In the context of climate change, rising sea surface temperatures and
melting polar ice sheets are intensifying near-surface stratification
globally, particularly in the regions of the North Atlantic and Antarctic
oceans, which are key areas for deep water formation. These changes could
slow or even lead to a collapse of the AMOC (e.g., Li et al., 2020), which,
in turn, would disrupt the distribution of the ocean properties, potentially
causing significant impacts on marine ecosystems, the climate system,
extreme weather events, and other related processes (e.g., Little et al.,

2019; van Westen et al., 2024; Zhang et al., 2019).
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Figure 1.1. A schematic representation of the Meridional Overturning Circulation (MOC) (Illustration by Natalie Renier, © Woods
Hole Oceanographic Institution).
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1.2 The WOCE and GO-SHIP programs

In the 1990s, a major global international oceanographic research
program, the World Ocean Circulation Experiment (WOCE), was
conducted. This research program used closely spaced stations across
transoceanic zonal and meridional sections to collect high-quality
hydrographic data from all ocean basins. This has allowed the estimation
of mass, heat, freshwater, and other property transports from the surface to
the seafloor (Chapman, 1998; Ganachaud, 2003; Ganachaud & Wunsch,
2000; Macdonald & Wunsch, 1996).

Building on the key findings of WOCE, the Global Ocean Ship-
Based Hydrographic Investigation Program (GO-SHIP) continues to
advance this important research. GO-SHIP conducts repeated
hydrographic transects and high-accuracy sampling of ocean properties.
Although the general characteristics of the ocean’s global overturning
were established before WOCE (Gordon, 1986;Schmitz, 1995), the
quantification of these global transports is greatly improved by the
application of inverse modeling techniques (Roemmich & Wunsch, 1985;

Wunsch, 1996).

Therefore, inverse methods are applied to repeated transoceanic
hydrographic sections collected by the WOCE and GO-SHIP programs,
along with current measurements, to provide a robust schematic view and
estimation of the MOC, as well as the property transports in each ocean
(Cainzos et al., 2023; Casanova-Masjoan et al., 2020; Lumpkin & Speer,
2007; Santana-Toscano et al., 2023).
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1.3 Atlantic Meridional Overturning Circulation

In the context of the overturning circulation, the Atlantic Meridional
Overturning Circulation (AMOC) is unique as it transports heat northward
from all latitudes of the Atlantic basin, playing a significant role in the
North Atlantic heat budget (Kelly et al., 2014), as well as regulating the
European (e.g., Moffa-Sanchez & Hall, 2017) and global (e.g., Lynch-

Stieglitz, 2017) climate through air-sea exchange.

The large-scale AMOC is formed by the upper and deep ocean
current systems, together with the wind-driven transports in the surface
Ekman layer. Therefore, the AMOC can be divided into the upper and
lower limbs that flow in opposite directions. The upper limb starts in the
South Atlantic at ~34.5°S and is fed by waters from the Southern Ocean
and two primary water pathways: the cold and warm routes (Rousselet et
al., 2023). The upper limb of the AMOC transports warm and salty waters
northward and accounts for ~90% of the subtropical North Atlantic’s
northward heat transport (e.g., Johns et al., 2011). As the AMOC flows
into the highest latitudes of the subpolar North Atlantic, reaching the
Nordic and Labrador Seas, the deep-water forms as North Atlantic Deep
Water (NADW), primarily via heat loss and increased density (e.g.,
Smethie & Fine, 2001; Talley, 2003).

The lower or return limb of the AMOC begins with the formation of
the cold and dense NADW in high-latitude regions, which flows
southward towards the Southern Ocean mainly via the Deep Western
Boundary Current (DWBC) in the deep layers. Thus, the lower limb of the
AMOC compensates the northward flow of the warm upper ocean currents

in the upper limb (Ganachaud & Wunsch, 2000; Garzoli et al., 2013;



Chapter 1

Talley, 2003). In the Southern Ocean, the Ekman transport driven by
strong westerly winds favors upwelling. The latter mechanism drives
diapycnal mixing, which contributes to the transformation of water from
lower to upper layers and mainly closes the upper cell of the AMOC
(Johnson et al., 2019; Marshall & Speer, 2012; Sloyan & Rintoul, 2001).

Finally, the southward flow of the NADW in the lower cell is
counterbalanced by the northward-flowing Antarctic Bottom Water
(AABW). The AABW is the densest water mass and is formed by the
sinking of cold waters that originate in the Southern Ocean. Its northward
extent is limited by the presence of topographic features, such as the
Walvis Ridge in the eastern basin, and therefore, the AABW is primarily
confined to the western basin (G. D. McCarthy et al., 2020; Talley, 2013).

1.3.1 AMOC stability

One of the most important questions in climate studies is how the
AMOC will respond under a changing climate (e.g., McCarthy et al.,
2020). The coupled (atmosphere-ocean) climate numerical model
scenarios of the Intergovernmental Panel on Climate Change (IPCC)
reports have suggested a gradual weakening of the AMOC by 25% or more
due to anthropogenic warming trends in the subpolar North Atlantic during
the twenty-first century (Zhu et al., 2015). The collapse of the AMOC
represents a critical tipping point in the climate system, not only because
it reduces the heat supply to the subpolar North Atlantic region and thus to
Europe, but also because it reduces the salt transport, which in turn reduces
the formation of deep water and thus the intensity of the AMOC
(Chidichimo et al., 2023; Weijer et al., 2019).
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In contrast to the view of an AMOC decline, some numerical model
simulations have suggested significant natural variability across different
time scales (Wunsch & Heimbach, 2009). Furthermore, observations from
AMOC monitoring arrays, such as the RAPID array, have revealed high
variability (Frajka-Williams et al., 2019). Additionally, three decades of
sparse transatlantic hydrographic sections collected through the GO-SHIP
and WOCE projects have shown no significant long-term weakening of

the AMOC (Cainzos et al., 2022a).

The AMOC is particularly vulnerable to the variability in ocean
freshwater forcing from freshwater input (via river runoff, ice melt,
precipitation, etc.). Several numerical modeling studies have demonstrated
that an increase of freshwater forcing can slow down the AMOC (van
Westen et al., 2024). In the southern border of the Atlantic Ocean,
Rahmstorf (1996) identified that the freshwater transport by the AMOC at
34.5°S, often referred to as Mo, or Fy,, is a key indicator for monitoring the
stability of the AMOC. A positive or negative M,, value indicates a
monostable (one stable state, AMOC importing freshwater into the
Atlantic) or bistable (two stable states, AMOC exporting freshwater from
the Atlantic basin) AMOC, respectively. More recently, van Westen et al.
(2024) showed that the M,, minima at 34°S in the Atlantic Ocean coincide

with an AMOC tipping point.

1.4 Interbasin Exchange

The Antarctic Circumpolar Current (ACC) is the world's strongest
and most extensive current (Talley, 2013). The ACC, located in the
Southern Ocean, is primarily driven by strong westerly winds, buoyancy

forcing, and large-scale changes in the thermohaline circulation (Karsten
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& Marshall, 2002; Marshall & Radko, 2003). Its clockwise flow connects
the three major ocean basins (Atlantic, Pacific, and Indian Oceans) as it
encircles the Antarctic continent, thus allowing the interbasin exchange of

ocean properties (e.g., Sloyan & Rintoul, 2001).

In the South Atlantic, the upper limb of the AMOC is fed by waters
from the Southern Ocean, as well as two major water pathways originating
from the Pacific and Indian Oceans (e.g., Rousselet et al., 2023). The cold
water route is characterized by cold and fresh waters entering the South
Atlantic from the Pacific Ocean via Drake Passage and the Malvinas
Current (e.g., Rintoul, 1991). Meanwhile, the warm water route involves
warmer and saltier waters from the Indian Ocean, which are transported
by the Agulhas Current and the associated Agulhas leakage into the South
Atlantic Ocean (e.g., Gordon, 1985). Due to the differing thermohaline
properties of the water masses involved in the three sources, these water
contributions impact the salt and heat balance of the Atlantic Ocean, thus

influencing the variability and stability of the AMOC (Weijer et al., 1999).

1.5 Pacific Meridional Overturning Circulation

The Pacific Meridional Overturning Circulation (PMOC) is one of
the main components of the MOC that redistributes ocean properties
across the Pacific basin. Similar to the AMOC, the PMOC also consists of
two main limbs: the upper limb (U-PMOC), found between 2,000 and
3,500 m depth, and the deep or lower limb (L-PMOC), which extends from
approximately below 3,500 m depth (Kawabe et al., 2006, 2009).

The L-PMOC is essential for the northward transport of deep and

abyssal water masses originating in Antarctica via the Pacific Deep
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Western Boundary Current (DWBC) (Johnson et al., 2007). In particular,
it is critical in influencing the distribution of the Lower Circumpolar Deep
Water (LCDW), a remnant of the NADW characterized by high salinity
and low silica content (Johnson & Toole, 1993). In contrast, the U-PMOC
transports and redistributes Upper Circumpolar Deep Water (UCDW),
which is a warmer and fresher water mass compared to the LCPW

(Kawabe et al., 2006; Kawabe & Fujio, 2010).

Despite its critical importance, observational data on the PMOC,
especially its lower limb, remain sparse compared to the extensive research
conducted on the AMOC. This knowledge gap underscores the need to
understand the PMOC pathways and their variability better, particularly as
they relate not only to notable changes in circulation patterns but also to
observed shifts in heat and freshwater transports, as previously noted in

Hernéndez-Guerra & Talley (2016).

1.6 Motivation

In a warming climate, the MOC is likely to undergo significant
changes that could disrupt the global distribution of ocean properties that
sustain marine ecosystems, the carbon cycle, and other key processes (Lee
etal., 2023; van Westen et al., 2024). For this reason, an accurate estimate
of the MOC variability is crucial and can be computed using multiple
sources. This research focuses on the large-scale ocean variability under a
changing climate by understanding the ocean circulation dynamics of the
South Atlantic and South Pacific Oceans in terms of mass, heat, and
freshwater transports, which play a crucial role in global climate processes,

employing in situ observations and numerical model outputs.
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Specifically, the first focus of this thesis is to describe the South
Atlantic circulation above the Mid-Atlantic Ridge (MAR), employing an
inverse box model to analyze hydrographic section data in conjunction
with velocity measurements. Our motivation is not only to determine the
mass transport of the southward-flowing Brazil Current and the
northwestward-flowing Benguela Current in the upper and intermediate
layers but also to estimate the relatively unexplored return pathway of the
lower limb of the AMOC carrying the cold deep waters that sink in the
higher latitudes of the basin. Furthermore, this thesis aims to estimate the
upper AMOC strength, including the characteristic heat and freshwater

transport in the South Atlantic basin.

Another chapter of this thesis examines the freshwater transport by
the AMOC at 34.5°S, referred to as M,,, which serves as a key indicator of
the AMOC stability by analyzing multiple data sets (eXpandable
BatiThermograph (XBT), Argo floats, Ocean General Circulation Models
(OGCM), and Coupled General Circulation Models (CGCM)). Therefore,
the second focus of this thesis is dedicated to describing the stability of the
AMOC through the computation of M,, using XBT observations to
provide an updated analysis of the study carried out by Garzoli et al.
(2013). In addition, we will compare these results with multiple data sets,
aiming to highlight and explain the differences between them, specifically
the salinity biases in the coupled models to improve AMOC projections
and inform the Intergovernmental Panel on Climate Change (IPCC) risk

analyses.

Addressing another significant question, this thesis seeks to
describe the horizontal and overturning circulation of the South Pacific

Ocean, employing a second inverse box model to hydrographic and
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velocity data in 1992 and 2017 to complement the previously published
study by Hernandez-Guerra & Talley (2016) for 2003 and 2009. We will
also employ a linear Rossby wave model that incorporates wind stress curl
variability and the ocean responses forced by changes in sea surface height
anomalies (SSHA) along the South Pacific region. In this chapter, we
attempt to describe the two circulation patterns in this region using
hydrographic data from three different decades (1992, 2003, 2009, and
2017), as well as to estimate the PMOC strength in this basin, its associated
heat and freshwater transports, and the dynamic forcing causing the change

in the ocean circulation.

In summary, this thesis aims not only to make significant
contributions to the field of physical oceanography by describing the South
Atlantic and Pacific Oceans dynamics using both observations and
numerical model outputs but also to provide actionable insights for
predicting climate variability and evidence for improving global climate

policy reports.

1.7 Thesis Outline

This thesis presents the results of three studies conducted in the
Southern Hemisphere, focusing on the dynamical processes within the
South Atlantic and Pacific Ocean regions. The studies include an analysis
of the South Atlantic Ocean circulation using an inverse box model, a
multi-data set analysis of freshwater transport by the AMOC, and a second
inverse box model using three decades of in situ data combined with wind
and altimeter data to analyze the South Pacific Ocean circulation. This
thesis is organized into three main chapters, each of which includes an

introduction, a detailed section on the data and methodology used, a
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presentation of the results, an in-depth discussion, and conclusions. The
thesis ends with a chapter of general conclusions, which summarizes the

main findings of this research.

Chapter 2 uses an inverse method to examine the schematic
circulation of the South Atlantic Ocean between 34.5°S, 24°S, and above
the Mid-Atlantic Ridge. Published in the Journal of Geophysical
Research: Oceans (Arumi-Planas et al., 2023), this study describes the
horizontal and overturning circulation of the South Atlantic using data
from hydrographic sections and analyzes the transport of mass, heat, and

freshwater within the region.

Chapter 3 focuses on examining the freshwater transport by the
AMOC at 34.5°S based on XBT observations and comparisons with Argo
floats, OGCMs, and CGCMs data sets. Additionally, this chapter
quantifies the meridional mass and heat transports, the correlation between
them and their interannual and seasonal variability. This chapter has also
been published in the Journal of Geophysical Research: Oceans (Arumi-
Planas et al., 2024).

Chapter 4 studies the South Pacific circulation using an inverse
method and has been published in Progress in Oceanography (Arumi-
Planas et al., 2022). This chapter identifies two different circulation
patterns based on hydrographic data collected over three decades and
analyzes mass, heat, and freshwater transports. In addition, wind stress curl
and sea surface height anomalies data are used to explain the observed

differences in circulation patterns using a linear Rossby wave model.

Finally, Chapter 5 provides a comprehensive overview and

highlights the main conclusions of the thesis.
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Chapter 2

2.1 Introduction

The Earth’s climate system is regulated by both ocean and
atmosphere, which on average transfer heat from the equator to the
subpolar regions. The South Atlantic Ocean plays an important and
distinctive role in this heat exchange, as it hosts the returning flow of the
Atlantic Meridional Overturning Circulation (AMOC), with its warm
upper-ocean currents transporting heat northward from the subtropics to
the tropics, hence compensating the southward flow of the cold and dense
North Atlantic Deep Water (NADW) (Ganachaud & Wunsch, 2000;
Garzoli et al., 2013; Talley, 2003). The Atlantic Ocean is different from
all ocean basins because of the resulting net northward heat transport at all
latitudes (Kelly et al., 2014), and it plays a major role in modulating
European (e.g., Moffa-Sanchez & Hall, 2017; Palter, 2015) and global
(e.g., Buckley & Marshall, 2016; Lynch-Stieglitz, 2017) climates.

The AMOC’s upper limb is predominantly supplied by waters
entering the South Atlantic via the Drake Passage and the Malvinas
Current, the so-called “cold water route”, or via the Agulhas Current and
the Agulhas leakage, the “warm water route” (Gordon, 1986; Speich et al.,
2001). Off the west coast of southern Africa is found the Benguela Current
in the upper and intermediate layers, which forms the eastern boundary
current of the anticyclonic South Atlantic subtropical gyre. The Benguela
Current is supplied by both the South Atlantic Current, flowing along the
southern margin of the South Atlantic subtropical gyre (=5 Sv), and by
South Indian Ocean waters via the Agulhas Current (=10 Sv) in the upper
~1,500 m of the South Atlantic Ocean (Gordon et al., 1992; Guo et al.,
2023; Peterson & Stramma, 1991).

17



Chapter 2

The Deep Western Boundary Current (DWBC) carries deep water
from the Labrador Sea and the North Atlantic’s Overflow Water layers to
the southern latitudes (Talley & McCartney, 1982). The DWBC is the
primary southward pathway for the cold and lower limb of the AMOC and
has been extensively studied in the North Atlantic Ocean (e.g., Meinen et
al., 2017; Toole et al., 2011). The deep pathways of the AMOC in the
South Atlantic Ocean, however, are not as well documented (Garzoli et al.,
2015). Arhan et al. (2003) confirmed two eastward pathways of NADW
near the equator. Arhan et al. (2003) and Reid (1989) suggested similar
circulation patterns in the South Atlantic at 2,500 m depth, indicating that
most of the NADW enters the eastern basin between 20°S and 25°S, and
then turns southeastward and flows above the Walvis Ridge through

passages south of 28°S, entering the Cape Basin.

The zonal transports at the Mid-Atlantic Ridge (MAR) are crucial
for connecting the eastern and western South Atlantic basins. There is one
single realization of a meridional hydrographic section in the South
Atlantic Ocean close to the MAR, which was done along 9°W (A14), from
4.3°N to 45.5°S during January and February 1995, as part of the World
Ocean Circulation Experiment (WOCE) (Arhan et al., 2003; Mercier et al.,
2003). To monitor flows across the MAR, the South Atlantic GAteway
(SAGA) Array was deployed at the MAR at 10°W, between 34°S and 19°S
at about 4,000 m depth. The array configuration consists of four pressure-
equipped inverted echo sounders (PIES) separated by about 5° of latitude,

with deep instrumented moorings located in between.

Our main goal in this study is to use these hydrographic
measurements at 10°W along with an inverse box model in order to

describe the circulation above the MAR between 34.5°S and 24°S in the
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South Atlantic (Figure 2.1). To achieve this objective, we must determine
the mass transport of the Brazil Current flowing southward and the
northwestward flow of the Benguela Current, in both the thermocline and
intermediate layers; the deep ocean currents that carry cold waters from
the North Atlantic toward the southern latitudes in the western and eastern
basins; as well as the northward flow of the abyssal layers. A significant
result of the present study is that we will be able to determine the upper

AMOC strength, including the heat and freshwater transports, at both

latitudes.
South Atlantic Ocean

® A09.5-24°S
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Figure 2.1. Positions of the hydrographic stations for the three South Atlantic
cruises carried out at nominally 24°S, 34.5°S, and 10°W. The different boxes used
in this study are identified as Box 1 (purple dashed lines), Box 2 (light blue), and

Box 3 (light orange).

The structure of this Chapter is outlined as follows. The
hydrographic and Ocean General Circulation Model (OGCM) data are
described in Section 2.2. Section 2.3 presents the vertical sections of
different ocean properties to describe the water masses along 34.5°S, 24°S,
and 10°W in the South Atlantic Ocean. The initial geostrophic transport
and the inverse model characteristics are presented in Section 2.4. This is
followed by the final adjusted transports and the resulting AMOC estimate

in Section 2.5. The resulting horizontal circulation for the upper, deep and

19



Chapter 2

bottom layers are described in Section 2.6, the heat and freshwater
transport obtained for both latitudes are provided in Section 2.7, and a
scheme of the upper, deep and bottom pathways is shown in Section 2.8.
Finally, Section 2.9 provides a discussion and concluding remarks on this

work.

2.2 Hydrographic and Ocean General Circulation Model
(OGCM) Data

For our study we use three hydrographic cruises carried out in the
South Atlantic Ocean: 34.5°S in 2017, 24°S in 2018, and 10°W in 2021
(Figure 2.1). The hydrographic data at 34.5°S were collected during the
expedition of German Research Vessel Maria S. Merian conducted in
summer 2017 (MSM60); the hydrographic data at 24°S were collected in
fall 2018 on the RRS James Cook (JC159) as part of the Ocean Regulation
of Climate by Heat and Carbon Sequestration and Transports
(ORCHESTRA) project and the international Global Ocean Ship-Based
Hydrographic Investigations Program (GO-SHIP) (Talley et al., 2016);
and the hydrographic data at 10°W were collected in fall 2021 as part of
the SAGA project onboard the R/V Sarmiento de Gamboa. The distance
between stations was generally =50 km, with narrower spacing over
boundary currents and steep topographic slopes. At each station, we use
vertical profiles of potential temperature and salinity every two dbars as
obtained from the conductivity-temperature depth (CTD) probes. For the
three hydrographic cruises, a shipboard acoustic Doppler current profiler
(SADCP, of 38 kHz for MSM60 and the SAGA cruise, and 75 kHz for
JC159) was employed at each station pair to provide a velocity profile from
the sea surface down to depths between 800 and 1,500 m. Also, for the

34.5°S and 10°W cruises, a velocity profile from the sea surface to the
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seafloor at each station was obtained from a paired (at 34.5°S, 300 kHz
upward-looking and 150 kHz downward-looking) or single (at 10°W,
150 kHz downward-looking) lowered acoustic Doppler current profiler
(LADCP). As in Herndndez-Guerra and Talley (2016) and Hernandez-
Guerra et al. (2019), the ADCP data will prove to be useful in the inverse

model to constrain the boundary currents.

Our hydrographic data are complemented by simulations from two
different numerical ocean models. ECCOv4r4 (Estimating the Circulation
and Climate of the Ocean Version 4 Release 4; ECCO, hereafter) is a data-
assimilating model developed by the Jet Propulsion Laboratory. It
incorporates oceanographic observations, such as altimetry-derived sea
surface height, hydrography from Argo profilers, ocean bottom pressure
from the Gravity Recovery and Climate Experiment (GRACE) and
hydrographic and current data from moorings, among others (Fukumori et
al., 2020). The adjoint method is applied to repeatedly minimize the
squared sum of weighted model-data misfits and control adjustments,
improving the fit of the numerical data to the observations (Wang et al.,
2020). ECCO provides the state of the ocean’s evolution over time on a
monthly data basis, with 50 standard levels and a nominal 1/2° (=48 km in
our region) horizontal resolution configuration of the Massachusetts
Institute of Technology general circulation model over the entire world,
covering 26 years from 1992 to 2017 (ECCO Consortium et al., 2020,
2021; Forget et al., 2015).

The GLORYSI12V1 (Global Ocean Physics Reanalysis; GLORYS,
hereafter), an ocean model developed by Mercator and distributed by the
European Copernicus Marine Environment Monitoring Service

(CMEMS), is an eddy-resolving global ocean reanalysis that describes
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ocean circulation and includes sea-level forcing from satellite altimetry
measurements covering the period of 1993-2019. GLORYS is developed
using the current real-time global forecasting CMEMS system and the
Nucleus for European Modeling of the Ocean (NEMO) model-based
hydrodynamics. The CORA4 database and the ERA-Interim data are used
for assimilating in situ observations and atmospheric forcing, respectively.
Additionally, in situ temperature and salinity vertical profiles, altimeter
data (sea level anomaly), sea ice concentration and satellite sea surface
temperature are assimilated together. This numerical model provides
monthly gridded data sets at 1/12° (=8 km in our region) horizontal

resolution and 50 vertical levels (Drévillon et al., 2018).

To summarize, the ocean models used (ECCO and GLORYS) are
data-assimilating models varying from coarse to eddy-permitting
horizontal resolution (1/2° and 1/12°, respectively). After applying the
inverse model, mass transports from hydrographic data are compared with
monthly data for the whole water column in the South Atlantic Ocean,
along 24°S and 34.5°S for 2017-2019 (GLORYS) and 2017 (ECCO). No
data from these models are yet available for 2021, the year of the 10°W

expedition.

2.3 Vertical Sections and Water Masses

The existing water masses are identified using the zonal (34.5°S
and 24°S) and meridional (10°W) vertical sections of potential
temperature, salinity, and oxygen for the three hydrographic cruises
following Katsumata & Fukasawa (2011) and Talley et al. (2011) (Figure
2.2). The meridional section at 10°W, just east of and roughly parallel to
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the MAR, divides the transatlantic sections into western and eastern

basins.
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Figure 2.2. Vertical sections of (a—c) 6 (°C), (d—1f) salinity, and (g, h) oxygen
(umol/kg) in the South Atlantic Ocean for data collected at 34.5°S in 2017, at
24°S in 2018 and at 10°W in 2021, respectively. The water masses identified are:
South Atlantic Central Water (SACW), Antarctic Intermediate Water (AAIW),
Upper Circumpolar Deep Water (UCDW), North Atlantic Deep Water (NADW)),
Lower Circumpolar Deep Water (LCDW), and Antarctic Bottom Water
(AABW). The location of stations is indicated with the tick-marks on the top axis
indicate the location of stations. The y™ layers identified by isoneutral labels
(white lines) are those used to compute the geostrophic transport.
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In the upper layers, the South Atlantic Central Water (SACW) is
found between the sea surface and the neutral density y™ = 27.23 kg/m?
(above ~ 730 m depth), with relatively high potential temperature (> 5°C;
Figs. 2.2a-c), relatively high salinity (> 34.7; Figure 2.2d-f), and high
dissolved oxygen of about 210-235 umol/kg (Figure 2.2g and h). This
water mass is formed by the subduction of fluid via Ekman pumping out
of the mixed layer in the Subtropical Convergence region (Gordon, 1981,
1989; Sprintall & Tomczak, 1993). The SACW is conveyed to the eastern
basin by the South Atlantic Current and northwestward through the
Benguela Current (Stramma & England, 1999), with a high contribution
from the Indian Ocean through the Agulhas Current (warm water route)
(Gordon, 1985; Poole & Tomczak, 1999; Sprintall & Tomczak, 1993),
including the large and slow contribution of Agulhas rings transporting

warm and salty waters into the Atlantic (Casanova-Masjoan et al., 2017).

The upper thermocline layers (y™< 27.23 kg/m?®) of the
transoceanic vertical sections present titled isotherms and isopycnals that
allow us to identify the signals of the Brazil and Benguela Currents in the
western and eastern margins, respectively (Figure 2.2a, b, d, and e). The
thermohaline isolines in the ocean interior indicate equatorward mass
transport, as they descend to the west. Below this upper layer, we find the
Antarctic Intermediate Water (AAIW) (27.23 kg/m?® <y™ < 27.58 kg/m?,
which corresponds to depths between 730 and 1,140 m). This water mass
presents relatively cold waters of potential temperatures of 3-5°C (Figure
2.2a-c), profile-minimum salinity values (34.3-34.5; Figure 2.2d-f). Its
dissolved oxygen concentration is relatively low at 24°S (< 200 pmol/kg;
Figure 2.2g) and higher at 34.5°S (> 220 umol/kg at 34.5°S; Figure 2.2h).
The AAIW is formed in the Southern Ocean, near the Subantarctic Front
of the Antarctic Circumpolar Current (ACC) (Talley, 1996). Its formation
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is driven by a combination of cooling and mixing processes, as well as
interactions between ocean currents, such as the ACC, before spreading
into the South Atlantic (Matano et al., 2010; Sloyan & Rintoul, 2001). The
main AAIW sources to the Atlantic Ocean are from the Southeastern
Pacific, entering through the northern Drake Passage, the narrowest gap
connecting the South Atlantic and Pacific Oceans between the Antarctic
Peninsula and South America, and the Malvinas Current loop, a large
clockwise circulation feature in the South Atlantic that flows around the
Falkland Islands (Suga & Talley, 1995). At 34.5°S in the eastern basin of
the South Atlantic Ocean, the high salinity of the AAIW density class is
attributed to the mixing of older AAIW with the Red Sea Water coming
from the Indian Ocean, which has a much higher salinity than that of the
AAIW layers located in the southwestern Atlantic Ocean (Shannon &
Hunter, 1988). The lower oxygen levels (<180 pumol/kg) in the eastern
basin also point to an Indian Ocean source. This is supported by the fact
that the Indian deep waters, which originate from upwelled bottom waters
of greater age than those from the Atlantic Ocean sourced from surface
waters (Gordon et al., 1992; Talley, 1996, 2013). Specifically, the Indian
Ocean presents oxygen levels of 160-220 umol/kg between 600 and
1,200 m depth (McDonagh et al., 2008). The low oxygen concentrations
are more noticeable in the 24°S section, further suggesting that these
waters originate from the Indian Ocean and spread westward as they flow
north in the Atlantic, before feeding the NADW overturn (Talley, 2013).
Also, the minimum salinity patches (< 34.3) in the western basin at 34.5°S
suggest that the northward flow in the ocean interior transports more

recently ventilated AAIW (Hernandez-Guerra et al., 2019).

In the deep layer, with a neutral density range of 27.58 kg/m? < y™
< 27.84 kg/m?, extending from about 1,140 to 1,600 m, we find the core
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of the Upper Circumpolar Deep Water (UCDW). The UCDW originates
from the mixture of deep waters from the Indian, Pacific and Southern
Oceans. This is a relatively oxygen-poor (180-200 umol/kg; Figure 2.2g,
and h), fresh (34.5-34.7; Figure 2.2d, e, and f), and cold water mass (2.5-
3°C; Figure 2.2a-c).

NADW is also found in the deep layers, below the UCDW, at
depths ranging from about 1,600 to 3,800 m (27.84 kg/m?® <y™ < 28.15
kg/m?). This water mass is formed as a result of the mixing and aging of
deep waters flowing latitudinally toward the Southern Ocean. NADW is
identified in the vertical by relatively low potential temperature (1.5-
2.5°C; Figure 2.2a-c), high salinity (34.85-34.9; Figure 2.2d-f), and high
dissolved oxygen concentration (200-250 pmol/kg; Figure 2.2g, and h).
The properties of the NADW are best observed in the western region, due
to the eastward decrease in salinity and oxygen, toward the MAR.
Additionally, the presence of the Deep Western Boundary Current
(DWBC) shows up as anomalous values of potential temperature (1.53°C),
salinity (34.7) and oxygen (206.7 umol/kg) near the seafloor (= 2800 m
depth) at about 50°W, which contrasts with the respective values of 3.2°C,
34.9 and 228.9 umol/kg observed at 2,110 m depth (e.g., Reid et al., 1977;
Zemba, 1991) (Figure 2.2).

The AABW is the densest water mass in the Atlantic, from
~ 3800 m to the seafloor (y™> 28.15 kg/m?). The AABW is colder
(8 <1.5°C; Figure 2.2a and b), fresher (34.7-34.75; Figure 2.2d and e) and
has lower dissolved oxygen concentrations (220-240 umol/kg; Figure 2.2g
and h) than the NADW. The main source of the AABW is the mixed
Antarctic waters and the NADW (de Carvalho Ferreira & Kerr, 2017,
Heywood & King, 2002; Mantyla & Reid, 1983; Peterson & Whitworth,
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1989; Reid et al., 1977). The Walvis Ridge limits the northward flow of
AABW in the eastern basin. The hydrographic section at 10°W is on the
MAR with shallower depths than the AABW and, therefore, is not present
in this section (Figure 2.2c, f, and ). The AABW can be separated into two
different components at 34.5°S. The upper part of the AABW is formed in
the Antarctic Circumpolar Current, which is a combination of AABW and
NADW, resulting in a new water mass called Lower Circumpolar Deep
Water (LCDW) (Mantyla & Reid, 1983; Stramma & England, 1999). The
LCDW is the primary water mass in contact with the AABW within the
Argentine Basin (Coles et al., 1996), between 28.15 kg/m? < y™ < 28.23
kg/m3, between about 3,800 and 4,700 m. These water masses differ only
slightly in most of the properties so that they are not clearly separated in
the water column (Vanicek & Siedler, 2002). However, at 34.5°S the
LCDW has slightly higher temperatures (= 1.0-1.5°C; Figure 2.2a), higher
salinity (34.75-34.8; Figure 2.2d) and lower dissolved oxygen
concentrations (210-220 pmol/kg; Figure 2.2g) than the AABW (8 <1°C,
S = 34.7, 02 = 220 pmol/kg; Figure 2.2a, d, and g).

2.4 Relative Geostrophic Transport and Inverse Model

At each station pair, the relative geostrophic velocity is computed
using the thermal wind equation so the absolute velocity depends on the
chosen reference layer. For section 34.5°S we choose the NADW-LCDW
interface at y™ = 28.15 kg/m? (= 3,800 m depth) as reference layer (Figure
2.2). Similarly, for sections 24°S and 10°W we select the interface UCDW-
NADW, located at the neutral density y™ = 27.84 kg/m? (= 1,600 m depth)

(Figure 2.2). If the reference layer is deeper than the deepest common
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depth of a pair of stations, the bottom is selected as the reference level of

no motion.

Otherwise, the SADCP and LADCP data from the sections at
34.5°S and 10°W are used to estimate the velocities at the reference level,
and only SADCP data from the section at 24°S (Comas-Rodriguez et al.,
2010; Joyce et al., 2001). Figure 2.3 presents the initial geostrophic
velocity (dashed black lines), the average SADCP velocity along the
station-station track segment (red line), the mean LADCP velocity from
each hydrographic station pair LADCP velocities (blue line), and the
geostrophic velocity adjusted to the ADCP velocity (black solid line). The
velocity adjustments are performed under four different cases (a through
d) for the sections at 34.5°S, 10°W, and 24°S. First, if either both SADCP
and LADCP (case a) or just SADCP (case b) match the geostrophic
velocity profile, then SADCP data is used to adjust the initial geostrophic
velocity. Next, if only the LADCP matches the profile of the geostrophic
velocity but SADCP does not, then LADCP data is used to adjust the initial
geostrophic velocity (case c¢). When neither the SADCP nor LADCP
patterns match the geostrophic velocity profile, then the initial geostrophic
velocity is not adjusted (case d). Notice that the LADCP velocities are
located at each station rather than over the whole interval over which the
geostrophic  velocity is computed, while the underway SADCP
continuously collects data, so SADCP can better match the location of the
geostrophic calculation. Consequently, SADCP data is considered to be
more appropriate for estimating the reference level velocities in most cases
(Arumi-Planas et al., 2022). Then, the adjusted reference velocity is
estimated as the average velocity of the selected depths in the range of the

dashed horizontal lines.
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Figure 2.3. Comparison between the profiles of the initial geostrophic velocity
(dashed black lines), the SADCP (red line) and LADCP (blue line) velocity
normal to the station pairs, and the geostrophic velocity adjusted using the
SADCP or LADCP data (black solid line) for four different cases of adjustment:
(a) geostrophic velocities agree with both SADCP and LADCP data, (b) only
SADCP data agree, (c) only LADCP data agree, and (d) neither SADCP nor
LADCEP data agree.

Mass transports are computed for 11 isoneutral layers following
Arumi-Planas et al. (2022), Herndndez-Guerra et al. (2019), Hernandez-
Guerra & Talley (2016), and Talley (2008) (Figure 2.2 and 2.4). The NCEP
wind stress is used to calculate the Ekman transports (Kalnay et al., 1996)
at the time of each hydrographic cruise (Arumi-Planas et al., 2022;
Hernéndez-Guerra et al., 2019; Hernandez-Guerra & Talley, 2016). The
resulting Ekman transports, of -1.61+0.1 Sv at 24°S, 0.1+£0.2 Sv at 34.5°S,
and 0.1£0.1 Sv at 10°W, are included in the uppermost layer of each

section.
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Figure 2.4. Initial integrated mass transports (Sv) per neutral density layer at 24°S
(blue line), 10°W (green line) and 34.5°S (red line), and the net (orange line) in
the South Atlantic Ocean. The three panels correspond to the mass transport in
(a) Box 1, (b) Box 2 and (c) Box 3. The sign of the transports is changed as to
maintain the same sign convention in all boxes: positive mass transports flow out
of the box and negative mass transports flow into the box.

In our study, there are three enclosed regions (Figure 2.1): Box 1 is
formed by the combined transatlantic sections at 34.5°S and 24°S, and
Boxes 2 and 3 are respectively formed by the eastern and western stations
of sections 34.5°S and 24°S combined with section 10°W. Figure 2.4
presents the initial integrated mass transports per layer for each enclosed
region in the Atlantic Ocean; these initial estimates use the velocity at the
reference layer as obtained from the ADCP data. There is an initial
imbalance, integrated over all layers, of 5.3 Sv in Box 1, 30.4 Sv in Box 2,
and -25.0 Sv in Box 3 (Table 2.1; positive and negative values represent
divergence and convergence, respectively). The initial fields for the upper

and bottom layers have a northward mass transport, while the deep layers
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present a southward mass transport across both the 34.5°S and 24°S
transoceanic sections, and a westward and eastward mass transport for

upper and deep layers through the 10°W meridional section, respectively.

The inverse box model (Wunsch, 1978, 1996) uses constraints on
transports to adjust the reference velocities and produce a consistent
solution for each enclosed region, reducing the large initial imbalances.

The following equation for mass transport is solved:

ff pbdxdz = — ff pv,dxdz + Ej,

where p is the seawater density, b designates the unknown reference
velocity, v, is the initial estimate for the geostrophic velocity derived from
the thermal wind equation and after incorporating the reference velocities
through an adjustment to the SADCP or LADCP data, Ej is the normal
Ekman transport to the section, and the along-section and vertical
coordinates are denoted by x and z, respectively. Appendix A provides the
full matrix equation and its derivation, while the constraints used are given

in Table 2.1.
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Table 2.1. Constraints and Results of the Inverse Model for the South Atlantic Ocean as Obtained Using the 34.5°S, 24°S, and 10°W

Sections.

South Atlantic Property Longitude Layers Constraint Initial Final
Ocean (Sv) (Sv) (Sv)
A10.5-34.5°S  Bering imbalance® All All -0.8+£0.6 -0.5 -0.7+29

Vema Channel® 50.8°W to 34.9°W 9:11 40+04 6.5 40+09
Hunter Channel® 33.6°W to 27.0°W 9:11 29+12 -0.7 28+ 1.0
Brazil Current! Coast to 49.2°W 1:5 -14.0 £ 8.8 -20.0 -16.5+1.3
Benguela Current® 10.9°E to coast 1:5 240+ 17.0 27.5 263 +2.0
DEBC* 13.6°E to coast 6:9 -12.0 £ 17.0 -8.3 -15.1+35
DWBC' Coast to 47.3°W 6:9 -15.0 £ 23.0 -18.7 -13.9+ 3.0
DWBCrec 47.3°W to 46.8°W 6:9 NC 33 30+1.3
A09.5 —24°S Bering imbalance® All All -0.8+0.6 4.8 -0.7 £ 3.1
Walvis R. North# 4.6°E to coast 9:11 0.0+ 1.0 5.0 -0.7+ 0.7
Brazil Current” Coast to 40.5°W 1:5 -84 +5.0 -8.4 -7.3+£09
Benguela Current 27.6°W to coast 1:5 NC 25.8 212+ 18
DEBC 2.6°E to coast 6:9 NC -3.5 -16.3 £ 4.7
DWBC Coast to 35.2°W 6:9 NC -9.2 -8.7+3.8
DWBCrec 35.2°W to 33.7°W 6:9 NC 6.5 6.4+27
34.5°S (West) Bering imbalance® Coast to 10.6°W (34.5°S) All -0.8+ 0.6 22.7 -09+11.0

— 10°W — 24°S(East)

All (10°W)
9.9°W to coast (24°S)
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24°S (West)

— 10°W — 34.5°S(East)

34.5°S - 24°S

34.5°S (West)
—10°W —
24°S (West)

34.5°S (East)
- 10°W —
24°S (East)

Bering imbalance®

Total mass conserved in
Box 1

Total mass conserved in
Box 2

Total mass conserved in
Box 3

Coast to 10.4°W (24°S)
All (10°W)
10.0°W to coast (34.5°S)

All (34.5°S)
All (24°S)

Coast to 10.4°W (34.5°S)
All (10°W)
Coast to 10.6°W (24°S)

10.0°W to coast (34.5°S)
All (10°W)
9.9°W to coast (24°S)

All

All

All

All

-0.8 £ 0.6

29.9 -1.9+94
53 0.0x155
30.4 1.2+10.2
-25.0 -1.21£12.6

Note. Positive transports are northward-eastward, and negative are southward-westward; while in the box imbalances,
positive/negative values represent divergence/convergence. Initial and final transports relative to the reference layer (at y™=28.15
kg/m® for the 34.5°S section and y"=27.84 kg/m® for the 24°S and 10°W sections) are listed. The constraints set in the inverse model
for the regional transports are also shown; NC stands for non-constraint.
“Bering imbalance in Total Mass Conservation from Coachman & Aagaard (1988).” Bottom transport constraint in the Vema Channel
from Hogg et al. (1982).° Bottom transport constraint in the Hunter Channel from Zenk et al. (1999).¢ Brazil Current constraint from
Chidichimo et al. (2021). Benguela Current and Deep Eastern Boundary Current (DEBC) constraints from Kersalé et al. (2019)." Deep
Western Boundary Current (DWBC) constraint from Meinen et al. (2017). eBathymetric constraint from Warren & Speer (1991).
" Boundary current constraints from cruise-based ADCP profiles.
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The approach used for the inverse model solution is the same
approach as the one developed by Joyce et al. (2001) and later applied by
Arumi-Planas et al. (2022), Casanova-Masjoan et al. (2020), and
Hernédndez-Guerra et al. (2014). The unknown geostrophic reference
velocity at each station pair, as well as the section adjustment to the Ekman
velocity, along with their standard deviations, are estimated using a system
of mass conservation equations, which requires an enclosed region. This
procedure provides 48 equations for the vertically integrated mass
constraints with 262 unknowns (the total number of station pairs of the
three hydrographic sections combined). For each box, both total mass and
mass in each neutral density layer are conserved, with the Ekman transport
adjustment included in the first layer. The next four constraints are the
mass balance (based on the Bering Strait transport) for sections 24°S and
34.5°S separately, as well as mass balance for two transatlantic sections
composed of the western/eastern station pairs section 24°S plus section
10°W and the eastern/western station pairs of section 34.5°S, respectively.
In addition to the total mass constraints, eight regional constraints across
several longitude and depth ranges were introduced to reduce this
underdetermined system (Table 2.1). These constraints have been
previously applied in earlier studies of the South Atlantic Ocean as in other
inverse models (Table 2.1; Hogg et al., 1982; Warren & Speer, 1991; Zenk
et al., 1999), although the recent study of Finucane & Hautala (2022)
suggested that the bottom transport estimated in the Hunter Channel by
Zenk et al. (1999) could be overestimated. We have also included new
constraints for 34.5°S from recent studies by Chidichimo et al. (2021),
Kersalé et al. (2019), and Meinen et al. (2017) using data from the moored
arrays deployed along this section as part of the South Atlantic MOC
Basin-wide Array (SAMBA) (Ansorge et al., 2014; Garzoli & Matano,
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2011; Meinen et al., 2013, 2017, 2018). Moreover, we use ADCP data
from section 24°S to constrain the Brazil Current (as previously done for

the hydrographic section at 30°S by Hernandez-Guerra et al. (2019).

The Gauss-Markov method is used to solve the inverse problem
(Wunsch, 1996), which requires a priori variances for each equation and
solution. The a priori variances for each equation, corresponding to each
regional constraint, are expressed as standard deviations (Table 2.1),
except the Brazil Current at 24°S where we have assigned 5 Sv to consider
the uncertainty of the Brazil Current transport based on the differences
between hydrographic sections at 24°S in 2009 (Bryden et al., 2011) and
2018, as also considered in Hernandez-Guerra et al. (2019) for a 30°S
section. Furthermore, we have assigned a priori variances for the layer
mass conservation equations: 3.6 Sv in each of layers 1-4, 2.2 Sv for layers
5-7,and 1.1 Sv for layers 8-11. The a priori velocity variance for the ocean
interior’s solution is set to (2 c¢cm/s)?, while it is raised to (4 cm/s)* in
regions with strong shear, which corresponds to both eastern and western
boundaries. The a priori variances are large enough to adjust the mass
transports for every oceanographic cruise condition with the inverse model
(Table 2.1). The Gauss-Markov method solves the underdetermined
system of equations by selecting the solution with the least variance, given
the reference level velocities along with their corresponding uncertainties.

Finally, we compute the adjusted mass transports and their uncertainties.

The initially adjusted velocities estimated at the reference level,
those from the SADCP and LADCP data, and as produced by the inverse
model are shown in Figure 2.5. The velocities adjusted using the ADCP
data (Figure 2.5a) are greater than those obtained from the inverse model

(Figure 2.5b). The inverse solution velocities are not significantly different
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from zero (i.e., -0.024+0.08 cm/s) in most ocean interior stations, as in
earlier inverse models (Arumi-Planas et al., 2022; Hernandez-Guerra et
al., 2019; Hernandez-Guerra & Talley, 2016), as well as on the eastern and
western boundaries (i.e., -0.041+0.08 cm/s). The inverse model adjustment
does not produce a significant change to initial Ekman transports on any
section (inverse estimates of -1.6+0.2 Sv at 24°S, 0.14+0.2 Sv at 34.5°S,
and 0.140.1 Sv at 10°W).
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Figure 2.5. (a) Reference velocities (cm/s) as adjusted using ADCP data and (b)
velocity adjustment from the inverse model with error bars as a function of station
pair numbers for the three hydrographic sections: 34.5°S (station pair from 1 to
122), 10°W (stations pair from 123 to 146), and 24°S (station pair from 147 to
262). The blue dotted lines separate the transect, as shown in the upper legend.
Positive and negative velocities are north/east or south/west, respectively.
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2.6 Adjusted Meridional and Zonal Transports

After applying the inverse model, the final adjusted mass transports
per neutral density layer in each enclosed region model are presented in
Figure 2.6. The total mass imbalance in each closed box is insignificantly
different from zero, well within the corresponding uncertainties (0.0+15.5
Svin Box 1, 1.2410.2 Sv in Box 2, and -1.24+12.6 in Box 3). Therefore,

we may say that mass transport is conserved in all three closed regions.
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Figure 2.6. Final integrated mass transports (Sv) per neutral density layer at 24°S
(blue line), 10°W (green line), 34.5°S (red line) and the net (orange line) with the
corresponding error bars, in the South Atlantic Ocean; the net imbalance per layer
is also shown. The three panels correspond to the mass transport in (a) Box 1, (b)
Box 2 and (¢) Box 3. The sign of the transports is changed as to maintain the same
sign convection in all boxes: positive mass transports flow out of the box and
negative mass transports flow into the box.
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The meridional overturning transports across the transatlantic
sections at 34.5°S and 24°S are computed by zonally and vertically
integrating the mass transport from the bottom to the sea surface (Figure
2.7). The strength of the AMOC at each latitude is defined as the vertical
maximum of the stream function, which is always found in the upper cell
(Buckley & Marshall, 2016). The AMOC intensity at 24°S is 17.5 + 0.9
Sv, which is stronger than the 14.8 + 1.0 Sv estimated at 34.5°S. Based on
Figure 2.7, we may divide the Atlantic Ocean in a three-layer system at
24°S and 34.5°S, with mass transports flowing northward in the uppermost
layers (1-5), southward in the deep layers (6-9), and northward in the

Overturning streamfunction
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Figure 2.7. Overturning stream function of mass transport across 24°S (red line)
and 34.5°S (blue line) in the Atlantic Ocean for 2018 and 2017, respectively. The
function is computed by integrating the mass transport vertically and horizontally
in isoneutral layers, from the seafloor to the sea surface across the entire section.
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abyssal layers (10-11); it is the upper cell that differs most between 24°S
and 34.5°S. In contrast, in the meridional 10°W section (not shown) there
is no mass transport in the abyssal layers (Figure 2.6b and c), hence it can
be viewed as a two-layer system, with mass transports flowing westward

in the uppermost layers (1-5) and eastward in the deep layers (6-9).

2.6 Horizontal Circulation from Adjusted Transport

Figure 2.8 presents the horizontally accumulated mass transport for
different isoneutral layers along 24°S (a, b, c), 34.5°S (d, e, f), and 10°W
(g, h). The inverse model results are presented with positive
northward/eastward transports and negative southward/westward
transports. For sections 24°S and 34.5°S, the mass transport is accumulated
integrating eastward, whilst for section 10°W, it is accumulated integrating
northward. As the inverse box solution finds a solution that satisfies mean
constraints and uses hydrographic data from different years, they represent
in some sense a time mean circulation. For this reason, we have included
in Figure 2.8 the accumulated transports using ECCO (2017) and
GLORYS (2017-2019) to examine averages over the time period from
both models for 24°S and 34.5°S sections, and none for 10°W because no

models are available for 2021.
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Figure 2.8. Eastward accumulated mass transports (Sv) at 24°S (a,b,c) and 34.5°S (d,e,f), and northward accumulated mass transport
(Sv) at 10°W (g,h) in the Atlantic Ocean for the upper (1:5), deep (6:9), and bottom (10:11) layers; the positive/negative mass transports

are northward/southward at 24°S and 34.5°S, and eastward/westward at 10°W. The mass transports obtained from the inverse model

(blue curves) are compared with the available simulations from the ECCO (green curves) and GLORY'S (red curves) circulation models

averaged over time.
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2.6.1 Upper Ocean

The SACW-AAIW stratum includes the thermocline and
intermediate waters (from the sea surface down to y™= 27.23 kg/m’,
approximately down to 730 m; Figures 2.8a, d, and g). The mass transport
in these upper layers presents a northward recirculation near the western
boundary, a net northward mass transport through the ocean interior, and
a wide and slow Benguela Current in the eastern boundary, rendering the
typical pattern of the subtropical gyre (Figure 2.8a and d). The alternating
mass transports in the entire subtropical gyre are caused by mesoscale
eddies, bringing the saw-like streamfunction described in Hernandez-

Guerra et al. (2005).

In the western boundary, off the east coast of South America, a
relatively strong Brazil Current flows poleward. The Brazil Current has
been previously described by Garzoli et al. (2013) from XBTs at 35°S, by
Miiller et al. (1998) from current moorings between 20°S and 28°S, and by
McDonagh & King (2005) and Hernandez-Guerra et al. (2019) from
hydrographic data at 30°S. In our study, the Brazil Current shows up
clearly by the tilting isopycnals, at 24°S as a narrow jet (= 37 km) from the
coast to about 40.5°W with a southward mass transport of -7.3 + 0.9 Sv at
24°S, and at 34.5°S as a much wider jet that extends from the coast to about
49.2°W (127 km) with a southward transport of -16.6+1.3 Sv (see also
Manta et al., 2021) (Table 2.1). Thus, the Brazil Current increases its mass
transport to the south. In these upper layers, the OGCM reproduces
reasonably well the inverse model transports at 24°S and 34.5°S (Figure
2.8a and d, respectively), but with some significant differences in the
extension and intensity of the boundary transports. Specifically, at 24°S

GLORYS does not show a western boundary current, while ECCO
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presents a similar Brazil Current transport of -6.8 £ 1.5 Sv from the coast
to 38.3°W. The OGCM transports at 34.5°S are stronger (-28.7 + 12.7 Sv
from the coast to 49.3°W in GLORYS and -21.5 £+ 1.9 Sv from the coast
to 46.5°W) than the inverse model.

In the eastern margin, between the African coast to about 10.9°E
(Reid, 1989), the Benguela Current is observed as a relatively wide and
strong northward eastern boundary current of the South Atlantic
Subtropical Gyre. The Benguela Current flows northward becoming wider
at 24°S (from 27.6°W to the coast). The strength of the Benguela Current,
from above ~730 m depth (layers 1-5, between the surface and
y™ = 27.23 kg/m?), is estimated to be 26.4 + 2.0 Sv at 34.5°S, which is
slightly stronger than the much wider Benguela Current of 21.2 + 1.8 Sv
at 24°S (Table 2.1). The mass transport at 10°W, between 28.4° and 22.4°S,
is —19.2 £ 1.4 Sv, which corresponds to the branch of the Benguela
Current that runs above the MAR (Figure 2.8g). At 24°S, GLORYS and
ECCO represent a weaker Benguela Current in the western boundary of
14.6 £2.7 and 15.3 £ 0.8 Sv, respectively, from 27°W to the coast.
Furthermore, at 34.5°S OGCM presents a similar Benguela Current
transport to the hydrographic data from 9.3°E to the coast of 26.9 + 14.1
Sv and from 8.5°E to the coast of 28.1 + 0.7 Sv in GLORYS and ECCO,

respectively.

2.6.2 Deep Layers

The mass transport for the UCDW-NADW deep layers flows
southward and eastward (layers 6-9, from 27.58 kg/m® to 28.1 kg/m?)
(Figure 2.8b, e, and h). The accumulated poleward mass transport in these

layers presents no significant differences through 24°S (-24.7 £ 2.5 Sv)
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and 34.5°S (-21.7 + 2.2 Sv). Moreover, the accumulated mass transport
for these layers at 10°W presents a net mass transport of 17.7 £ 1.1 Sv,
which reflects that part of the deep waters flow eastward from 34.5°S to
33.5°S (10.2 £ 2.8 Sv) before recirculating in the south, an eastward flow
close to 24°S (7.5 £4.4 Sv), and other recirculation routes along the

meridional section (Figure 2.8h).

According to multiple research studies (e.g., Ganachaud, 2003;
Meinen et al., 2017; Meinen & Garzoli, 2014; Miiller et al., 1998), NADW
is principally transported southward in the Atlantic Ocean by the DWBC.
Based on the hydrographic sections examined in the present study, the
DWBC presents a southward mass transport of -8.7 + 3.8 Sv from the
coast to 35.2°W at 24°S and -13.9 + 3.0 Sv from the coast to 47.3°W at
34.5°S (Table 2.1). The northward recirculation of the DWBC is found just
east of these longitudes (to about 33.7°W and 46.8°W at 24°S and 34.5°S,
respectively), presenting an equatorward mass transport of 6.4 + 2.7 Sv at
24°S and 3.0 + 1.3 Sv at 34.5°S (Table 2.1). In the deep layers, at 24°S
GLORYS presents a stronger DWBC poleward mass transport
(-13.0 + 3.8 Sv) than the inverse model (Figure 2.8b), while ECCO
presents a similar DWBC of -9.4 £ 2.6 Sv both from the coast to 35.8°W.
At 34.5°S, the OGCM replicates fairly well the intense DWBC
(-11.7 & 7.4 Sv from the coast to 48.5°W in GLORYS, and -11.1 + 1.6 Sv
from the coast to 46°W in ECCO). However, both numerical models have
substantial differences from the inverse model in the ocean interior (Figure
2.8e). These differences could be explained by the fact that our inverse
model results present higher resolution because they are based on
observations. In contrast, OGCMs often use assumptions and

parameterizations to simplify the complexity of ocean processes,
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introducing errors and biases into the model results, particularly in the

ocean interior and deep layers where observational data are limited.

From our inverse model results, the DEBC presents a northward
mass transport of -16.3 + 4.7 Sv at 24°S, which is similar to the
-15.1 + 3.5 Sv obtained at 34.5°S. Therefore, the branch from the DWBC
feeding the DEBC comes from latitudes north of 24°S, which is
corroborated with the westward flow above the MAR close to 24°S at
10°W. At 24°S in the eastern boundary, GLORYS (-3.0 + 3.3 Sv from
3.8°E to the coast) and ECCO (-1.8 + 1.8 Sv from 7.3°E to the coast)
present a weaker DEBC than the inverse model, and at 34.5°S ECCO also
displays a weaker DEBC of -2.3 + 0.5 Sv from 14°E to the coast, while
GLORYS estimates a similar transport (-13.5 £ 12.7 Sv from 12.8°E to

the coast) if compared with the inverse model.

2.6.3 Bottom Layers

The LCDW-AABW water masses (layers 10-11, below y"=28.15
kg/m?) present a low net equatorward mass transport of 6.6 + 1.6 Sv at
24°S and 6.3 £+ 1.5 Sv at 34.5°S (Figures 2.8c and f). In the western basin,
the northward transport over the Argentine Basin at 34.5°S (5.6 £ 1.1 Sv)
passes through the Vema Chanel (3.5 £ 0.7 Sv) and Hunter Channel
(2.3 £ 0.9 Sv) to reach 24°S (5.8 £+ 1.5 Sv). Whereas in the eastern basin,
the equatorward flow over the Cape Basin at 34.5°S (8.6 + 3.5 Sv) barely
reaches 24°S (3.0 + 0.8 Sv), as some flow recirculates (2.2 + 0.7 Sv) and
some flow turns back to 34.5°S (-7.9 + 3.6 Sv). Additionally, the MAR
limits the east/westward flow of the abyssal waters at 10°W, presenting no
mass transport in these layers. At 24°S, GLORY'S shows no mass transport
in the abyssal layers (Figure 2.8c) but does fairly well at 34.5°S,
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reproducing the alternating mass transport between both basins, while the

ECCO output differs greatly from the inverse results at both latitudes.
2.7 Heat and Freshwater Transports

The heat transport is computed by using the following expression:

HT = Z Z PiijijeijviijAZ
i j

where p;; is the density, ¢, .. is the heat capacity of the seawater, 6;; is the
Pij Y> Cpy; pacity ij

potential temperature, and v;; is the absolute cross-section velocity, and
the i, j subindexes identify the station pair and layer, respectively. Positive
values indicate a northward heat flux, while negative values imply a

southward heat flux.

The positive values estimated from the meridional heat transports
after the inverse model at 34.5°S (0.30 + 0.05 PW) and 24°S (0.80£0.05
PW) indicate an increase in the equatorward flux in the subtropical South
Atlantic. In addition, these results reflect the northward direction of the
warm waters in the upper layers at both latitudes in the South Atlantic
Ocean. The heat transport in GLORYS agrees with the inverse model
results at these latitudes (0.434+0.26 PW and 0.71 + 0.14 PW at 24°S and
34.5°S, respectively), while ECCO presents a similar heat transport at
34.5°S (0.34 + 0.15 PW) and weaker at 24°S of 0.44 + 0.10 PW than our
inverse model results at this latitude but yet reproduces the increase in

northward heat transport.
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The freshwater flux (in FSv, Sverdrup for freshwater transport
without mass balance) is estimated according to Joyce et al. (2001), taking

into account the precipitation over evaporation:

F=- z z Ti;Si;/So
J

i

where Tj; is the absolute mass transport, S;; is the anomaly of salinity
(Salinity-Sy), both in layer i at station pair j, and S is the global ocean
mean salinity set to 34.9 as in Arumi-Planas et al. (2022), Hernandez-
Guerra & Talley (2016), and Talley (2008). At 24°S there is a southward
transport of freshwater (-0.07 £ 0.02 FSv), while at 34.5°S there is a
northward transport of freshwater (0.18 + 0.02 FSv). Therefore, our
results suggest that in the 24°S-34.5°S domain, evaporation predominates
over precipitation (as in Cainzos et al. (2022a)). The freshwater transports
from the OGCM and the inverse model are not significantly different. The
GLORYS freshwater transports have the same direction as the inverse
model at 24°S (-0.05 £+ 0.07 FSv) and 34.5°S (0.25 £ 0.11 FSv), while
ECCO presents a slightly higher value at 24°S (0.01 + 0.05 FSv) and
weaker freshwater transport at 34.5°S (0.07 + 0.07 FSv) than the inverse

model.
2.8 South Atlantic Schematic Circulation

Figure 2.9 sketches a circulation in the upper, deep and bottom
layers in the South Atlantic between 24°S and 34.5°S and above the MAR
that is coherent with the mass transports as inferred from our inverse box
model. The net mass transport from the inverse model indicates that the

predominant northward path of the upper layers is found in the easternmost
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region of the 34.5°S section (26.3 + 2.0 Sv), expanding to a wider area at
24°S (8.1 £ 0.7 Sv east of the 10°W). It also shows that a fraction of the
northward flow turns west through the MAR in the northern stations of
10°W, between 22.4°S and 28.4°S (-19.2 £ 1.4 Sv), which then splits into
two branches, one flowing north to 24°S (13.1 + 1.6 Sv west of 10°W,
summing a total northward flow of 21.2 £+ 1.8 Sv at 24°S) and the second
branch reaching the western boundary (6.1 + 1.4 Sv). These mass
transports together with the southward flow at the westernmost part of the
24°S section to 34.5°S describe the anticyclonic course of the South

Atlantic subtropical gyre.

In the deep layers, the DWBC and DEBC flow southward from
24°S (-8.7 £ 3.8 Sv and -16.3 + 4.7 Sv, respectively) to 34.5°S (-13.9 +
3.3 Sv and -15.1 +3.5 Sv, respectively). The scheme turns more
complicated as an eastward branch flows over the MAR (7.5 + 4.4 Sv)
near 24°S and several recirculation routes appear to take place throughout

the entire 10°W section (Figure 2.8).

Finally, the abyssal waters present a northward mass transport from
the Argentine Basin (5.6 + 1.1 Sv at 34.5°S) to the Brazil Basin (5.8 + 1.5
Sv at 24°S), as well as an equatorward flow from the Cape Basin (8.6 + 3.5
Sv at 34.5°S), which barely reaches the 24°S (3.0 £ 0.8 Sv) section before
returning southwards (-2.2 + 0.7 Sv) until 34.5°S (-7.9 £ 3.6 Sv).
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Figure 2.9. Schematic circulation in the upper (red), deep (blue) and bottom (purple) layers of the South Atlantic Ocean, consistent

with the mass transports calculated across 24°S, 10°W and 34.5°S. The net mass transports (in Sv) are indicated, with the positive
transports northward and eastward and the negative transports southward and westward.
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2.9 Discussion and Concluding Remarks

We have used hydrographic data sampling three enclosed regions
for inverse modeling in the South Atlantic subtropical gyre. The initial
geostrophic velocity is first adjusted to the velocities from ADCP data, and
subsequently with the reference velocities as obtained from an inverse box

model, such as to satisfy water mass balances in the three enclosed regions.

In the upper layers, the Brazil Current flows as a relatively intense
western boundary current, increasing southward from -7.3 £+ 0.9 Sv at 24°S
to -16.6 &+ 1.3 Sv at 34.5°S. The GLORYS and ECCO models do not
properly represent the Brazil Current at 24°S, but both represent a slightly
weaker (GLORYS: -12.7 Sv in January; ECCO -9.8 Sv in 2017 mean) or
stronger (GLORYS -29.1 Sv in 2017-2019 mean; ECCO -22.5 Sv in
January) Brazil Current transport at 34.5°S. Our result at 24°S agrees with
the 4.9-12.3 Sv estimated by Bryden et al. (2011) but is slightly higher than
the 5.8 + 0.1 Sv estimated by Evans et al. (2017). Further, our estimates
for the Brazil Current are consistent with a recirculation cell south of 28°S
in the western South Atlantic, found both by Stramma (1989) (from -9.6
Sv at 24°S to -17.5 Sv at 33°S) and by Garzoli et al. (2013) (from -8.6 + 4.1
Sv at 24°S to -19.4 £ 4.3 Sv at 35°S). Moreover, Schmid & Majumder
(2018) combined Argo-float and sea surface height data to propose that the
Brazil Current intensifies to the south, but with weaker mean mass

transports (-2.3 & 0.9 at 24°S and -12.6 £ 2.6 Sv at 35°S).

The Benguela Current flows in the upper layers as a broad and
relatively strong equatorward eastern boundary current, which changes
from 26.4 £ 2.0 Sv at 34.5°S to 21.2 + 1.8 Sv at 24°S. The GLORYS and
ECCO models present a similar transport at 34.5°S, of 21.6 Sv and 20.3
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Sv, respectively, and GLORYS shows a Benguela Current of 25.5 Sv at
24°S. Our transports at 34.5°S agree with the previously reported values
by Kersalé et al. (2019) (24.0 £ 17.0), Garzoli et al. (2013) (22.5 £ 4.7
Sv), and Majumder & Schmid (2018) (19 + 3 Sv). These results show that
the Benguela Current is a relatively strong eastern boundary current, much
stronger than the Canary Current in the North Atlantic (Casanova-Masjoan
etal., 2018) and the Peru-Chile Current in the South Pacific (Arumi-Planas
et al., 2022). The accumulated mass transport at 10°W presents a westward
mass transport in the upper layers (-18.4 £ 0.4 Sv), consistent with the
westward branch of the Benguela Current over the MAR (Garzoli &
Gordon, 1996; Richardson & Garzoli, 2003; Rodrigues et al., 2007;
Stramma, 1991).

The accumulated mass transport in the deep layers presents a net
northward mass transport of UCDW-NADW through 24°S and 34.5°S of
-24.742.5 Svand -21.742.2 Sv, respectively. In the western boundary, the
deep waters are transported southwards by the DWBC, which presents a
southward mass transport of -8.7 + 3.8 Sv at 24°S and -13.9 + 3.0 Sv at
34.5°S. At 24°S, the GLORY S output presents a stronger DWBC poleward
mass transport (-19.1 Sv) than the inverse model. While at 34.5°S, neither
of the two ocean models properly represents the interior circulation in the
deep layers, but both display the intense poleward DWBC (-13.4 Sv in
GLORYS and -13.2 Sv in ECCO). Adjacent to the DWBC, we find a
northward transport of 6.4 + 2.7 Sv at 24°S and 3.0 & 1.3 Sv at 34.5°S.
Further, the interior NADW pathway, which originates close to the
Vitoria-Trindade Ridge at about 20°S, extends eastward crossing the MAR
between 20° and 25°S (Arhan et al., 2003; Garzoli et al., 2015; Speer et al.,
1995; van Sebille et al., 2012), then it moves to the Cape Basin and flows

southward across the African continental slope as a DEBC (Arhan et al.,
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2003; Palma & Matano, 2017; Stramma & England, 1999). In the eastern
boundary, the deep waters are transported southward by the DEBC
(-16.3 £ 4.7 Sv at 24°S and -15.1 £ 3.5 Sv at 34.5°S). For comparison, at
24°S, GLORYS presents a weaker DEBC (-6.8 Sv) than the inverse model,
while at 34.5°S both GLORY'S and ECCO have weaker transports than the
inverse model (-6.0 Sv and 1.4 Sv, respectively). At 10°W, the deep layers
display a net eastward transport of 17.7 + 1.1 Sv, with some 10 Sv
recirculating between the eastern and western basins. An eastward
transport is found close to 24°S (7.5 + 4.4 Sv), reflecting the NADW
pathway into the eastern basin between 20°S and 25°S previously

described by Arhan et al. (2003) and Reid (1989).

In this study, we find a northward heat transport in the subtropical
South Atlantic, both at 34.5°S (0.30 £ 0.05 PW) and 24°S (0.80 % 0.05
PW), which reflects the equatorward mass transport in the warm upper
layers. The northward heat transport in GLORY'S is similar to our estimate
at both latitudes (0.43 £ 0.26 PW and 0.71 £ 0.14 PW at 24°S and 34.5°S,
respectively), while the heat transport in ECCO is similar at 34.5°S
(0.34 £+ 0.15 PW) but weaker at 24°S (0.44 + 0.10 PW) than our inverse
model results. The heat transport estimated at 34.5°S agrees with the
0.27 £0.10 PW estimated by Manta et al. (2021) using the same
hydrographic section, the 0.49 £ 0.23 PW from altimetry data computed
by Dong et al. (2015), the 0.5 £+ 0.2 PW from acoustic inversion reported
by Kersalé¢ et al. (2021), as well as with the 0.42 + 0.18 PW from
numerical model data obtained by Perez et al. (2011). In the same way, our
result at 24°S presents no significant differences from previous estimations
with hydrographic data — 0.64 £+ 0.18 PW (Fu, 1981) and 0.7 = 0.1 PW
(Bryden et al., 2011) — but is higher values than the 0.4 +0.1 PW
estimated by Evans et al. (2017) and slightly higher than the 0.66 + 0.07
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PW reported by Cainzos et al. (2022a). Some of these differences are likely
the result of the differences in years and months when the cruises were

carried out (Cainzos et al., 2022a).

The negative freshwater flux at 24°S (-0.07 + 0.02 FSv) and the
positive freshwater transport at 34.5°S (0.18 +0.02 FSv) indicate a
convergence of freshwater in the 24°S-34.5°S domain, pointing out that
this is a region where evaporation predominates over precipitation. The
freshwater transports from GLORYS present no significantly different
values from the inverse model at both latitudes (-0.05 + 0.07 FSv and
0.25 £ 0.11 FSv at 24°S and 34.5°S, respectively), while ECCO presents
slightly higher (0.01 £ 0.05 FSv at 24°S) and weaker (0.07 £+ 0.07 FSv at
34.5°S) freshwater transports than the inverse model. Our result at 24°S
agrees with the weak northward freshwater transport (0.01 + 0.09 FSv)
obtained by Cainzos et al. (2022a) using WOCE and GO-SHIP data for the
period 2010-2019. The freshwater flux obtained at 34.5°S is moderately
lower than the freshwater transport of 0.23 + 0.02 Sv obtained by Manta
et al. (2021) at this same latitude.

The comparison of the circulation patterns as deduced from the
inverse model with two different OGCM (ECCO and GLORYYS) suggests
that these ocean models are useful to study these sections in the upper
layers (y™ < 27.58 kg/m?, 1,140 m depth) with some differences in the
estimated boundary currents. However, the ECCO and GLORYS patterns
of circulation in the deep and, especially, bottom layers (y™ > 27.58
kg/m*) do not properly resemble the circulation pattern of the
hydrographic data at 24°S and 34.5°S in the Atlantic Ocean. The
comparison of the heat and freshwater transports from the inverse model

with the OGCM suggests that ECCO presents noticeable differences from
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our results, but GLORY'S can be useful for determining the direction and

strength of these deep ocean fluxes.

Our inverse model results show an AMOC strength of 17.5 £ 0.9
Sv at 24°S and 14.8 &+ 1.0 Sv at 34.5°S. The AMOC strength at 24°S agrees
fairly well with previous estimates at 24°S by Evans et al. (2017)
(20.2 £ 2.0 Sv), and Bryden et al. (2011) (21.5/16.5 Sv in 2009/1983).
Furthermore, our estimate of the AMOC strength at 34.5°S agrees well
with earlier estimates at this latitude, 15.6 + 1.4 Sv (Manta et al., 2021),
17.3 + 5.0 Sv (Kersal¢ et al., 2021), 14.7 + 8.3 Sv (Meinen et al., 2018),
15.6 £ 3.1 Sv (Perezetal., 2011), and 18.1 &+ 2.3 Sv (Garzoli et al., 2013).
However, it is weaker than transports obtained by Dong et al. (2015) and
Majumder et al. (2016), 19.5 + 3.5 Svand 20.7 £ 4.1 Sv, respectively. The
weaker upper AMOC strength and heat transport at 34.5°S as compared
with 24°S could be partly explained by the intense southward transport of
the Brazil Current (-16.6 + 1.3 Sv at 34.5°S and -7.3 £ 0.9 Sv at 24°S)
during the period of this hydrographic cruise (Kersalé et al., 2021; Manta
et al., 2021). Furthermore, mesoscale eddies also probably play a role in
upper limb transport, as the mesoscale activity at 34.5°S is higher than at

24°S (Laxenaire et al., 2018).

Our inverse box model has provided a detailed view of the South
Atlantic circulation by estimating the different ocean current transports at
each layer set through 24°S and 34.5°S, as well as over the MAR between
these two latitudes. The transports in the upper layers are consistent with
the course of the subtropical South Atlantic anticyclonic gyre and the
northwest route of the Benguela Current. The deep waters show the
southward flow of the DWBC and DEBC, together with an eastward

interbasin flow at the northern stations (close to 24°S) of the 10°W section,
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and different recirculation routes linking both basins. The abyssal layers
exhibit northward mass transports through the Argentina and Cape basins,
before the latest returns southward in the ocean interior, with no flow
crossing above the MAR. Our results have also confirmed the
characteristic northward heat transport across the subtropical South
Atlantic Ocean, as well as the dominance of evaporation over

precipitation.
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3.1 Introduction

One of the key questions in climate studies is how the Atlantic
Meridional Overturning Circulation (AMOC) will respond to the effects
of global warming and subsequent alterations in the hydrological cycle (de
Vries & Weber, 2005; Keller et al., 2000). The oceans play an essential
role as a redistribution agent and global reservoir for several important
constituents, such as heat, freshwater, and carbon, of the Earth’s climate
system. The AMOC is a crucial element of the Atlantic Ocean climate
system, as it carries heat northward at all latitudes, thereby warming
surface air temperatures in Western Europe (Ganachaud & Wunsch, 2000;
Mecking et al., 2017; Talley, 2003). As a result, a weakening or even
collapse of the AMOC could lead to a strong cooling of surface air
temperatures in regions surrounding the North Atlantic (Jackson et al.,
2015; Manabe & Stouffer, 1988; Vellinga & Wood, 2002), and a
convergence of warm water in the tropical and subtropical North Atlantic,
which could lead to weaker and less frequent Atlantic hurricanes (Yan et
al., 2017). It is important to understand the interplay between AMOC-
induced cooling and background global warming, as Liu et al. (2020) did

in a numerical modeling study focused on the 21st century.

In the southernmost latitude of the Atlantic Ocean, nominally
34.5°S, the freshwater transport by the AMOC, referred to as M,, hereafter,
is used as a possible indicator of the AMOC bistability with significant
global climate effects (Cimatoribus et al., 2012; de Vries & Weber, 2005;
Huisman et al., 2010; Matos et al., 2020; Mecking et al., 2016, 2017;
Rahmstorf, 1996; Skliris et al., 2020). The South Atlantic Ocean has

historically been less studied than the North Atlantic, as a result, model
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estimates of the M,, have been poorly constrained in this basin (Garzoli et
al., 2013; Weijer et al., 2019). Nevertheless, the repeated high-density
eXpendable BathyThermograph (XBT) lines (trans-basin AX18 line from
South America to Cape Town; AX22 and AX25 lines across the Drake
Passage and the Agulhas retroflection, respectively), together with the
Argo program collecting a large number of temperature and salinity
profiles (Roemmich & Owens, 2000), and the quasi-decadal occupation of
trans-basin hydrographic lines (Arhan et al., 2003; Arumi-Planas et al.,
2023; Bryden et al., 2011; Hernandez-Guerra et al., 2019; Manta et al.,
2021; McDonagh & King, 2005; Saunders & King, 1995) have increased
data coverage in the South Atlantic region. Consequently, observed and
simulated estimates of mean AMOC and Meridional Heat Transport
(MHT) in the South Atlantic have become more consistent over the last
decade (Baringer & Garzoli, 2007; Chidichimo et al., 2023; Dong et al.,
2009, 2011; Kersal¢ et al., 2021; Pita et al., 2024; Sitz et al., 2015; Weijer
et al., 2020), with fairly good agreement in terms of AMOC and MHT
variability between models and some observations in more recent studies
(Baker et al., 2023; Biastoch et al., 2021; Dong et al., 2021). However,
previous estimations of freshwater transport from observations are limited
in the South Atlantic, and models and observations have shown
disagreement about the freshwater transport direction in this region (e.g.,
Bryden et al., 2011; Cainzos et al., 2022a; Dijkstra, 2007; Drijfhout et al.,
2011; Garzoli et al., 2013; Huisman et al., 2010; Liu et al., 2014, 2017; de
Vries & Weber, 2005; Weijer & Dijkstra, 2003).

The main goal of this study is to present a multi-data set analysis
of the M,, at nominally 34.5°S in the South Atlantic Ocean, using an
updated AX18-XBT data set from April 2002 to October 2019 (following
Garzoli et al. (2013) which only analyzed transects through 2011).
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Furthermore, we have examined the consistency between observed and
simulated multidecadal variability of the South Atlantic meridional fluxes
using two data sets derived from Argo floats measurements, Ocean
General Circulation Models (OGCMs), and Coupled General Circulation
Models (CGCMs), and we have diagnosed the causes of the differences in
the sign of M,,. Finally, we have analyzed the seasonal variability of South
Atlantic meridional fluxes and examined how the fluxes covary on longer

timescales.

3.2 Data and Methods

3.2.1 Observational and numerical model data

In this study, our focus is on the variability of the M,, nominally
across 34.5°S in the South Atlantic and how it covaries with meridional
mass (or volume which is strongly linked to mass transport) and heat
transports by the overturning circulation. As our primary data set, we have
used 49 realizations of the AX18 repeat high-density XBT line from April
2002 to October 2019. The 49 transects of the AX18-XBT line used in this
study are presented in Figure 3.1. These transects were conducted using
Evergreen container ships that crossed the South Atlantic from South
America to South Africa. AX18-XBT measures water temperature profiles
from the sea surface to a nominal depth of 850 m. Salinity profiles were
generated using a historical T-S relationship (Goes et al., 2018). To extend
the T & S profiles down to the seafloor, we utilized the 1/4° horizontal
resolution NCEI World Ocean Atlas 2018 (WOA18) T-S climatology.
Specifically, we used monthly averages of WOA18 data between 800-

1,500 m and seasonal averages below 1,500 m (Garcia et al., 2019;
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Locarnini et al., 2018; Zweng et al., 2019). This data set comprises 57
vertical levels spanning from 0 to 1,500 m for the monthly averages, while
it encompasses 112 vertical levels spanning from 0 to 5,500 m for seasonal
averages. Then, each T-S profile is linearly interpolated from the surface
to the seafloor with 140 predefined depths, using intervals of 5-10 m up to
750 m, 50 m intervals until 2,000 m, and finally, 100 m intervals reaching
the seafloor. The T-S relationship method for estimating the mass transport
from XBT data presents an uncertainty that might be similar to that
estimated by Hernandez-Guerra et al. (2002) for the region of the Canary
Islands. The Ekman transport contribution is computed using NCEP
annual mean winds and is included in the shallowest layer, employing the
same methodology as outlined in both Baringer & Garzoli (2007) and
Garzoli & Baringer (2007).

South Atlantic Ocean - AX18 XBT positions
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i Angola
Ridge Brazil Basin 9
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Figure 3.1. Locations of the high-density AX18-XBT lines conducted in the
South Atlantic Ocean. The green color lines correspond to the individual AX18-
XBT transects for which positive M,, values were observed, whereas the blue line
represents the transect exhibiting large negative M,,.

The AX18-XBT data were complemented with data from Argo
floats and different simulations of OGCMs and CGCMs across 34.5°S in

the Atlantic Ocean, as described below.
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The first data set used to compare with the AX18-XBT results in
this study is monthly data from the Argo Altimetry product (Argo Alt.
hereafter). The Argo Alt. consists of the daily sea level anomaly (SLA)
observations processed and distributed by the Copernicus Marine
Environment Monitoring Service (CMEMS) (Pujol et al., 2016), as well
as temperature and salinity (T-S) profiles from the Global Temperature
and Salinity Profile Program (GTSPP) (Sun et al., 2010). The Argo Alt.
data set has a 0.25° horizontal resolution and is available from January
1993 to August 2022, with 305 vertical levels from the surface to the
bottom of the ocean (Dong et al., 2015; 2021).

The Roemmich-Gilson (RG) Argo Climatology, RG Argo
hereafter, is the next data set used in this study. This data set provides
monthly gridded hydrographic salinity-temperature profiles based on the
Argo Buoy Observation Network (Roemmich & Gilson, 2009). The RG
Argo has a 1° horizontal resolution and 58 vertical levels from 2.5 to
1,975 dbar. For this study, we used data in the South Atlantic Ocean across
34.5°S, covering the period from January 2004 to August 2022. The
gridded-field RG Argo was estimated based on a weighted least-squares
fitting method that utilized the nearest 100 Argo profiles within a given
month. Potential density, steric height, and relative geostrophic velocity
with the reference layer at 1,000 m depth were calculated using the salinity
and temperature fields from 223 months of data. In addition, the velocities
at the parking depth (1,000 m) from the YoMaHa data set were summed
to the RG Argo derived relative geostrophic velocity profiles to provide an

absolute velocity (Lebedev et al., 2007).

The Ocean general circulation model For the Earth Simulator

(OFES) run by the Japan Agency for Marine-Earth Science and
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Technology (JAMSTEQC) is the first OGCM examined in this study. This
high-resolution eddy-resolving model has a horizontal resolution of 0.1°
and 54 vertical levels from the surface to the ocean bottom. To simulate
ocean circulation, the OFES model was spun up for 50 years using a
monthly climatology derived from NCEP/NCAR reanalysis atmospheric
fluxes (Masumoto et al., 2004), and then was forced with daily mean
NCEP/NCAR reanalysis data from 1950 to 2017 (Sasaki et al., 2008).
Model fields were provided by JAMSTEC at the full resolution (0.1°) for
the region across 34.5°S in the Atlantic Ocean, covering the period from

January 1980 to December 2017.

The second OGCM, the GLORYSI12V1 model (Global Ocean
Physics Reanalysis; GLORYS, hereafter) developed by the CMEMS,
examined in this study is an eddy-resolving global ocean reanalysis model.
GLORYS is based on the current real-time global forecasting CMEMS
system. The model hydrodynamics are based on NEMO (Nucleus for
European Modeling of the Ocean) and assimilates in situ observations
from the CORA4 database and atmospheric forcing from ERA-Interim
data. Additionally, it assimilates altimeter data (sea level anomaly), sea ice
concentration, satellite sea surface temperature, and in situ temperature
and salinity vertical profiles. This results in monthly gridded data sets with
a horizontal resolution of 1/12° and 50 vertical levels from the surface to
the seafloor (Drévillon et al., 2018). GLORYS12V1 data from January
1993 to December 2019 are used in this study.

The Geophysical Fluid Dynamics Laboratory (GFDL) OM4
ocean/sea ice model (Adcroft et al., 2019) is the third OGCM used in this
study. The ocean component of OM4 uses the Modular Ocean Model

version 6, forced with the JRAS55-do atmospheric reanalysis product
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(Tsuyjino et al., 2020; MOM6-JR A, hereafter), and monthly averages were
stored for the entire simulation period. MOMG6-JRA has a nominal
horizontal spacing of 0.25°, with no mesoscale eddy parameterization and
50 vertical levels spanning from the surface to the ocean bottom. MOM®6-
JRA data from January 1988 to December 2017 are used in this study.
MOMG6-JRA dynamical core is based on hydrostatic primitive equations

formulated in their generalized vertical coordinate form.

A second MOMBG6 simulation using MERRA-2 forcing is the fourth
OGCM included in this study (Rienecker et al., 2011; MOM6-MERRA2,
hereafter). MOM6-MERRAZ2 has a nominal 0.25° horizontal spacing and
35 wvertical levels spanning from the ocean surface to the bottom.
Differences between the MOMG6 simulations can be primarily attributed to
the atmospheric forcing used. MERRA?2 reanalysis includes an adjustment
of precipitation and evaporation over both the ocean and the earth’s surface
(Harrison et al., 2022). Additionally, the MERRA2 atmospheric forcing

covers a more recent period as it extends up to December 2020.

Finally, monthly outputs from 32 historical CGCM simulations
from the Coupled Model Intercomparison Project 6 (CMIP6) for the period
1850-2014 have been used in this study. CMIP6 models were obtained
from the Earth System Grid Data Portal, but not all the CMIP6 models
have the “rlilp1f1” ensemble member available. Therefore, we have used
different ensemble members when the first is not available, as indicated in
Table 3.1. The corresponding institution for each model, experiment ID
(“Historical”), member ID, horizontal resolution (usually 1°), and citation
are also included in Table 3.1. A multi-model mean is computed using the

32 CMIP6 models for comparison with other data sets.
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Table 3.1. List of the 32 Coupled Global Climate Models (CGCMs) From the CMIP6 Project.

Source ID Institute ID Experiment ID Member ID Resolution Citation
TaiESM1 AS-RCEC Historical rlilplfl 1.13° Lee & Liang (2020)
BCC-CSM2-MR BCC Historical rlilplfl 1.00° Wu et al. (2018)
BCC-ESM1 BCC Historical rlilplfl 1.00° Zhang et al. (2018)
FGOALS-g3 CAS Historical rlilplfl 1.00° Li(2019)
CanESMS5 CCCma Historical r10ilp2fl 1.00° Swart et al. (2019)
CMCC-CM2-SR5 CMCC Historical rlilplfl 1.00° Lovato & Peano (2020)
CMCC-ESM2 CMCC Historical rlilplfl 1.00° Lovato et al. (2021)
CNRM-CM6-1 CNRM-CERFACS Historical r2ilplf2 1.00° Voldoire (2018)
CNRM-ESM2-1 CNRM-CERFACS Historical rlilplf2 1.00° Seferian (2018)
ACCESS-ESM1-5 CSIRO Historical rlilplfl 1.00° Ziehn et al. (2019)
ACCESS-CM2 CSIRO-ARCCSS Historical rlilplfl 1.00° Dix et al. (2019)
E3SM-1-0 E3SM Project Historical rlilplfl 1.00° Bader et al. (2019a)
E3SM-1-1 E3SM Project Historical rlilplfl 1.00° Bader et al. (2019b)
EC-Earth3 EC-Earth Consortium Historical rl10ilplfl 1.00° EC-Earth (2019)
EC-Earth3-AerChem EC-Earth Consortium Historical rlilplfl 1.00° EC-Earth (2020)
IPSL-CM6A-LR IPSL Historical r22ilplfl 1.00° Boucher et al. (2018)

64



Chapter 3

MIROC-ES2L
MIROC6
HadGEM3-GC31-LL
UKESM1-0-LL
MPI-ESM1-2-HR
GISS-E2-1-G
GISS-E2-1-G-CC
CESM2
CESM2-WACCM
NorESM2-LM
NorESM2-MM
GFDL-CM4
NESM3
SAMO0-UNICON
CIESM
MCM-UA-1-0

MIROC
MIROC
MOHC
MOHC
MPI-M
NASA-GISS
NASA-GISS
NCAR
NCAR

NCC

NCC

NOAA-GFDL

NUIST
SNU
THU
UA

Historical
Historical
Historical
Historical
Historical
Historical
Historical
Historical
Historical
Historical
Historical
Historical
Historical
Historical
Historical

Historical

r2ilplf2
r2ilplfl
rlilplf3
rlilplf2
rlilplfl
rlilplfl
rlilplfl
rl10ilplfl
rlilplfl
rlilplfl
rlilplfl
rlilplfl
rlilplfl
rlilplfl
rlilplfl
rlilplfl

1.00°
1.00°
1.00°
1.00°
0.45°
1.25°
1.25°
1.13°
1.13°
1.00°
1.00°
0.25°
1.00°
1.13°
1.13°
1.88°

Hajima et al. (2019)
Tatebe & Watanabe (2018)
Ridley et al. (2019)
Tang et al. (2019)
Jungclaus et al. (2019)
NASA/GISS (2018)
NASA/GISS (2019)
Danabasoglu (2019b)
Danabasoglu (2019a)
Seland et al. (2019)
Bentsen et al. (2019)
Guo et al. (2018)
Cao & Wang (2019)
Park & Shin (2019)
(Huang, 2019)
(Stoufter, 2019)

Note. For each model, the corresponding modeling center, experiment ID, member ID, horizontal resolution, and citation are indicated.
Ten out of the 32 models did not have the “rlilp1fl” ensemble member available.
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For all data sets considered in this study, we have examined
statistics such as mean and trends over the full period of each data set, as
well as over the years 2004-2014 which is the period of overlap among all

the observations and models used.

To compare the vertical profiles from the CGCMs with
observations, we have used salinity and temperature profiles from
hydrographic data collected at nominally 34.5°S in the Atlantic Ocean
which will be referred to as MSM60 in the figures.

3.22 M,,, MOC, and MHT calculations

The total freshwater and heat transports can be divided into
components corresponding to different driving mechanisms of vertical and
horizontal circulation in the ocean, allowing for the breakdown of these
transports into barotropic (throughflow), baroclinic (overturning), and
horizontal (gyre) components (Bryden & Imawaki, 2001; Cainzos et al.,
2022a; Kersalé et al., 2021). In this study, we have only focused on the
overturning component of freshwater transport (M,,). The oceanic
freshwater transport is the part of mass transport that is not saline. Its
divergence can be understood as the balance of precipitation, river runoff,
ice processes, and evaporation. To calculate it, the salt flux (or the non-
freshwater portion of the mass transport) is constrained across the section,
remaining unaffected by the strength of the freshwater divergence, given
that this occurs at zero salinity. In this study, we have computed the M,, as
the zonally averaged vertical circulation of the salt at a specific zonal
section at 34.5°S in Sverdrup units (1 Sv = 10° kg/s), following McDonagh
et al. (2015) and Cainzos et al. (2022a):
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0

Moy = = p v*(2)(S'(2))dz
So -B

where S, is the area-weighted section average of salinity, z represents
depth, —B is the depth of the ocean bottom, p is the seawater density,
v*(z) is the meridional baroclinic ocean velocity and overbar denotes
zonal integral, and (S'(z)) denotes the area-weighted zonally averaged
deviations from the salinity average, S,. Following this equation, we have
also computed the Ekman contribution to the M,, for the AX18-XBT
sections, resulting in a mean transport of -0.03 + 0.05 Sv within the Ekman
layer. Unfortunately, due to the difficulty of consistently identifying the
time-varying depth of the interface between the AABW and NADW cells
across all observations and models, we have only integrated M,, down to

z = —B.

The M,, is a diagnostic for basin-wide salt-advection feedback in
the southern border of the Atlantic Ocean and it is widely considered an
indicator for monitoring the stability of the AMOC (Bryden et al., 2011;
de Vries & Weber, 2005; Dijkstra, 2007; Drijfthout et al., 2011; Gent, 2018;
Liu et al., 2017; Matos et al., 2020; Rahmstorf, 1996; Weber & Drijthout,
2007; Weijer et al., 2019). At approximately 34.5°S, a positive value of the
M,, (freshwater convergence) indicates that the AMOC is importing
freshwater into the Atlantic, while a negative M,, value (freshwater
divergence) indicates that the AMOC is exporting freshwater from the
Atlantic Basin. If the AMOC shuts down or weakens dramatically, M.,
would weaken and be closer to zero. Then, a positive (negative) change in
the M,, would occasion an anomalous import of salt (freshwater) into the
Atlantic Ocean and as a result, the AMOC will destabilize (establish) the
AMOC off-state (Mecking et al., 2017). Therefore, a M,, > 0 provides a
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monostable AMOC and, conversely, a M,, < 0 provides a bistable
AMOC (Bryden et al., 2011; Cainzos et al., 2022a; Garzoli et al., 2013;
McDonagh & King, 2005; Mecking et al., 2017; Saunders & King, 1995;
Stommel, 1961; Weijer et al., 1999). It is worth noting that the sign of the
M, at 34.5°S is not the only indicator for considering the multiple
equilibrium regimes of the AMOC. One critical issue is that in climate
models, the idealized hypothesis from Rahmstorf’s (1996) box model may
not be valid for the CGCM, as the collapsed AMOC has a minor strength
of 3-4 Sv and induces a nonzero M,, across the Atlantic basin (Liu et al.,
2013). According to Dijkstra (2007), Huisman et al. (2010), and Yin &
Stouffer (2007), another valuable parameter for assessing AMOC stability
is the divergence of the M,, between two latitudes in the North Atlantic
Subtropical Gyre (i.e., 35°S and 60°N). Additionally, Liu & Liu (2013,
2014), suggest examining the difference between the M,, across 34.5°S
and the overturning liquid freshwater transport from the Arctic to the North
Atlantic Ocean as an improved divergence indicator of AMOC stability,
although this is not always possible to estimate M,, divergence from in situ
observations. More recently, van Westen et al. (2024) demonstrated that
the M,, minima at 34°S in the Atlantic coincides with the AMOC tipping
point. Altogether, it’s important to note that the M,, at 34.5°S consistently

appears as an important term in all these studies.

The meridional mass transport by AMOC across 34.5°S for the
Atlantic Ocean is computed by zonally and vertically integrating the mass
transport from the ocean’s surface to its bottom, measured in Sv (e.g.,
Frajka-Williams et al., 2019). The intensity of the overturning, MOC, is
typically defined as the maximum value in the overturning stream function

in the upper cell. Thus, the strength of the MOC can be expressed as:
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0 Xeast
MOsz f pv(x,z)dxdz

—M Y Xyest

which is integrated over depth (z) and across the section from west (X, ¢t )
to east (X,q4s¢), Where p is the seawater density, v represents the absolute
meridional velocities, and —M is the depth of the maximum overturning
stream function. A positive MOC indicates northward mass transport and
anegative MOC suggests southward mass transport. Some estimates of the
MOC from moored arrays compute the volume transport by the AMOC
rather than mass transport (e.g., Chidichimo et al., 2023; Frajka-Williams

et al., 2019), and these transports can be considered interchangeable.

The MHT is computed at a zonal section at latitude 34.5°S, in

Petawatts (1 PW = 10'> W), by using the following expression:

0 Xeast

MHT = f f pc,0(x,z)v(x,z) dx dz

=B YXyest

which is integrated over depth (z) and across the section from west (X, ¢t )
to east (Xqs5¢), Where p is the seawater density, ¢, is the heat capacity of
the seawater, 6 is the potential temperature, v is the absolute meridional
velocities, and —B is the depth of the ocean bottom. A positive value of
MHT indicates northward heat transport, whereas a negative value

suggests southward heat transport.

The mean and standard deviation of M,,, MOC, and MHT for Argo
Alt., RG Argo, OFES, GLORYS, MOM6-JRA, MOM6-MERRA, and
CMIP6-mean are computed without considering seasonal variability.
Therefore, we have first computed the annual mean for each year and,

subsequently, the mean and standard deviation.
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3.3 Results

3.3.1 XBT data analysis

The 49 AX18-XBT realizations from 2002 to 2019 have a negative
mean of M, at 34.5°S in the Atlantic Ocean of -0.15 £ 0.09 Sv (Table 3.2).
Only three transects have positive M,, values: September 2014, May 2016,
and May 2017 (Figure 3.2a). Two of these transects, September 2014 and
May 2017, followed a bowed southerly path between South America and
South Africa (green lines in Figure 3.1), and as a result, sampled through
different water masses and can be considered as outliers. The positive Mo,
trends presented in Table 3.2, suggest a slightly decreasing negative M,
during the full period of the AX18-XBT data at a rate of 0.0033 £+ 0.0049
Sv/year, but the positive trend is not statistically different from zero.
During the overlapping period among all data sets, from 2004 to 2014,
AX18-XBT data similarly show a non-significant decrease (positive trend)

n M,,.

In addition, we have estimated the mean MOC (Figure 3.2b) and
MHT (Figure 3.2¢) from the AX18-XBT time series, which are 19.6 + 2.9
Svand 0.59 £ 0.16 PW, respectively (Table 3.2), consistent with previous
estimates of northward mass and heat transport across 34.5°S in the South
Atlantic. Both MOC and MHT have been strengthening throughout the full
data set at a rate of 0.1713 + 0.1589 Sv/year and 0.0034 + 0.0090
PW/year, respectively (the increasing trend is only significant with 95%
confidence for MOC). During the overlapping period of 2004-2014, MOC
and MHT also show positive trends but are not significantly different from

Z€10.
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Table 3.2. Mean, trends, and 95% Confidence Intervals (CI) for M,, (Sv), MOC
(Sv), and MHT (PW) derived from AX18-XBT transects nominally across 34.5°S
in the South Atlantic for two periods: full record length (2002-2019) and
overlapping period among all data sets analyzed (2004-2014).

Meridional transports 2002-2019 2004-2014
Mean (Sv) -0.15£0.09 -0.16%0.09
M(IV
Trends and 95% CI
0.0033+0.0049 0.0053+0.0091
(Sv/year)
Mean (Sv) 19.61+2.9 19.3+2.7
MOC
Trends and 95% CI
0.17131£0.1589 0.1677+0.2789
(Sv/year)
Mean (PW) 0.59+0.16 0.59+0.16
MHT
Trends and 95% CI
0.0034+0.0090 0.0015+0.0168

(PW/year)

Note. Trends are given in units of Sv/year for M,, and MOC, and in PW/year for

MHT.
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Figure 3.2. Time series of (a) M,, (Sv), (b) MOC (Sv), and (¢) MHT (PW) in the
South Atlantic nominally across 34.5°S from 49 AX18-XBT section estimates
(black triangles) for the period 2002-2019.

3.3.2 Comparison with two Argo-derived data sets

We have similarly estimated the M,, using two different Argo-
derived products to complement the AX18-XBT observations (red and
blue lines, respectively, in Figure 3.3a). In both Argo time series, M,, is
always negative. When averaged over the overlapping period (2004-2014),
both Argo data sets have a negative M,, mean, -0.18 £ 0.02 Sv from Argo
Alt. and -0.14 + 0.01 Sv from RG Argo, in good agreement with the
AX18-XBT M,, mean of -0.15 + 0.09 Sv (Figure 3.3a and Table 3.3).
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During the overlapping period of 2004-2014 among all observational and
model data sets, the positive M,, trends of the Argo Alt. and RG Argo time
series indicate a non-significant weakening of the M,,, similar to the
AX18-XBT trend. However, M,, trends are only significant for the full
period of both Argo Alt. and RG Argo data sets. Over the full record length
of Argo Alt. (1993-2022) and RG Argo (2004-2022), both data sets have

weak but significant negative (increasing) M,, trends.
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Figure 3.3. Time series of (a) M,, (Sv), (b) MOC (Sv), and (¢) MHT (PW) in the
South Atlantic at 34.5°S derived from observational data from AX18-XBT (black
triangles), Argo Alt. (red solid line), and RG Argo (dark-blue solid line) estimates
for the period 2002-2019, 1993-2022, and 2004-2022, respectively.
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Table 3.3. Mean without considering seasonal variability, trends, and 95% Confidence Intervals (CI) of M,, (Sv), MOC (Sv), and
MHT (PW) from observational data from AX18-XBT, Argo Alt. and RG Argo nominally across 34.5°S in the South Atlantic for two
periods: full record length (AX18-XBT: 2002-2019, Argo Alt.: 1993-2022, and RG Argo: 2004-2022) and the overlapping period
(2004-2014).

Meridional transports AX18-XBT Argo Alt. RG Argo
Full record length -0.1540.09 -0.1940.03 -0.1510.01
Mean (Sv)
. 2004-2014 -0.16%0.09 -0.1840.02 -0.1410.01
= Trends and 95% CI Full record length 0.00331+0.0049 -0.002040.0008 -0.001140.0009
(Sv/year) 2004-2014 0.0053+0.0091 0.0011+0.0035 0.0011+0.0018
Full record length 19.6+2.9 19.3+0.9 13.8+0.8
Mean (Sv)
&) 2004-2014 19.3+2.7 19.3+0.8 13.410.4
)
> Trends and 95% CI Full record length 0.1713+0.1589 0.0478+0.0421 0.0655+0.0617
(Sv/year) 2004-2014 0.167710.2789 -0.000210.1965 -0.026240.1293
Full record length 0.5910.16 0.6210.05 0.54+0.04
Mean (PW)
= 2004-2014 0.5910.16 0.6210.04 0.5210.02
=
= Trends and 95% CI Full record length 0.0034+0.0090 0.0041+0.0025 0.0034+0.0031
(PW/year) 2004-2014 0.001510.0168 -0.001240.0113 -0.002610.0063

Note. Trends are given in units of Sv/year for M,, and MOC, and in PW/year for MHT.
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The time series of MOC from Argo Alt. has a mean MOC of
19.3 + 0.8 Sv, which is similar to the results obtained from AX18-XBT
data (19.3 £ 2.7 Sv), while the RG Argo presents a significantly weaker
MOC with a mean of 13.4 £+ 0.4 Sv (Figure 3.3b and Table 3.3). The time
series of MHT from Argo Alt. and RG Argo with a mean of 0.62 + 0.04
PW and 0.52 £+ 0.02 PW, respectively, agree with that obtained from
AX18-XBT data (0.59 + 0.16 PW) (Figure 3.3c and Table 3.3). The time
series of the MOC and MHT (Figure 3.3b and c), as well as their trends,
measured at 95% confidence intervals, from Argo Alt. and RG Argo data
(Table 3.3), show that both meridional fluxes have been strengthening
(0.0478-0.0655 Sv/year and 0.0034-0.0041 PW/year, respectively)
throughout the full record of each data set. During the overlapping period,
both Argo products suggest a small weakening of the MOC and MHT,
which have the opposite sign from the trends estimated from XBT-derived
data (Table 3.3). However, the trends for MOC and MHT are only
significant for the full period of both Argo Alt. and RG Argo data sets.

3.3.3 Comparison with OGCMs and CGCMs data

Next, we have estimated the M., using different ocean and coupled
numerical models: OFES, GLORYS, MOM6-JRA, MOM6-MERRA, and
CMIP6 ensemble mean (hereafter CMIP6-mean), to further complement
our AX18-XBT observations. The time series of M,, from the OGCMs
have predominantly negative values, with mean M,, values of
-0.11 £ 0.04 Sv for OFES and -0.09 % 0.02 Sv for MOM6-JRA, which do
not significantly differ from the AX18-XBT M,, mean of -0.15 £ 0.09 Sv,
except -0.03 + 0.02 Sv for GLORYS and -0.03 + 0.02 Sv for MOM6-
MERRA2 which present lower negative M,, (Figure 3.4a and Table 3.4).

However, in contrast to negative M,, values from observations and models
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mentioned above, the M,, time series of the CMIP6-mean has a positive
mean with a large standard deviation (0.06 £ 0.15 Sv; Figure 3.4a and
Table 3.4). Consistent with the AX18-XBT data, the trends of the model
time series, presented in Figure 3.4 and Table 3.4, all indicate a positive
(weakening) M., trend during the overlapping period except for the
CMIP6-mean. However, only the MOM-MERRA2 and CMIP6-mean

have a significant trend during the overlapping period.

The time-mean MOC during the overlapping period of
17.6 £ 0.7 Sv from OFES, 19.9 + 1.0 Sv for GLORYS, 15.9 + 1.0 Sv for
MOM6-MERRA2, and 204 +4.7 Sv for CMIP6-mean, do not
significantly differ from the results obtained using AX18-XBT data
(19.3 £ 2.7 Sv), except MOMG6-JRA that presents a slightly weaker MOC
of 15.4 £ 0.6 Sv (Figure 3.4b and Table 3.4). During the overlapping
period, the time series of MOC (Figure 3.4b) and their trends, measured at
95% confidence intervals (Table 3.4), show a strengthening trend of MOC
for OFES, MOM6-JRA, MOM6-MERRA2, and CMIP6-mean, which
agrees with the trend obtained from AXI18-XBT data. In contrast,
GLORYS suggests a weakening trend in MOC. Among these results, the
only significant trend in MOC is observed for MOM6-MERRA during the

overlapping period.

Additionally, the time-mean MHT of 0.57 + 0.06 PW for OFES,
0.45 +0.05 PW for GLORYS, 0.40 + 0.04 PW for MOM6-JRA, and
0.59 +0.25 PW for CMIP6-mean, do not significantly differ from the
results estimated using AX18-XBT data (0.59 + 0.16 Sv), except MOM®6-
MERRAZ2 presenting a slightly weaker MHT of 0.35 + 0.04 PW (Figure
3.4c and Table 3.4). However, during the overlapping period, when we

examine the time series of MHT (Figure 3.4c) and their trends, measured

76



Chapter 3

at 95% confidence intervals, there is a discrepancy between numerical
models and AX18-XBT data: the numerical models indicate a weakening
trend instead of the strengthening trend shown by AX18-XBT data (Table
3.4). It’s important to note that none of these trends are statistically

significant.
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Figure 3.4. Time series of (a) M,, (Sv), (b) MOC (Sv), and (¢) MHT (PW) in the
South Atlantic across 34.5°S from observational AX18-XBT derived data (black
triangles) and numerical modeling data from OFES (orange solid line), GLORY'S
(green solid line), MOM®6-JRA (light-blue solid line), MOM6-MERRA2 (purple
solid line), and CMIP6-mean (yellow solid line) monthly data for the period
1980-2020.

77



Chapter 3

Table 3.4. Mean without considering seasonal variability, trends, and 95% Confidence Intervals (CI) for M,, (Sv), MOC (Sv), and
MHT (PW) from AX18-XBT derived data and numerical model data at nominally 34.5°S in the South Atlantic for two periods: full
record length (OFES: 1980-2017, GLORYS: 1993-2019, MOM6-JRA: 1988-2017, MOM6-MERRA2: 1982-2020, CMIP6-mean:
1850-2014) and the overlapping period (2004-2014).

MOMG6-
Meridional transports AX18-XBT OFES GLORYS MOMG6-JRA CMIP6-mean
MERRA2
Full record
-0.1540.09 -0.13+0.04 -0.02+0.03 -0.1140.02 -0.05+0.03 0.0540.14
length
Mean (Sv)
2004-2014  -0.1610.09 -0.1140.04 -0.03140.02 -0.0940.02 -0.03140.02 0.0610.15
= Full record
Trends and leneth 0.003340.0049 0.0028+0.0008 -0.0018+0.0011 0.00174+0.0008 0.00064+0.0005 0.000240.0000
engt
95% CI s
(Sv/year) 2004-2014 0.0053+0.0091 0.00484+0.0050 0.00074+0.0042 0.001440.0026 0.00344+0.0017 -0.001240.0011
Full record
19.6£2.9 17.4+1.1 20.3£1.1 15.8£0.9 16.440.9 19.944.7
@) length
© Mean (Sv)
= 2004-2014 19.3£2.7 17.6£0.7 19.9£1.0 15.440.6 15.9£1.0 20.444.7
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Full record
Trends and

95% CI
(Sv/year) 2004-2014

length

0.17131+0.1589

0.16771+0.2789

0.0517+0.0328

0.0679+0.2226

-0.088840.0557 -0.0187+0.0397

-0.174240.2008 0.0203+0.1162

-0.0107£0.0270

0.14714+0.1058

0.0067+0.0016

0.0024+0.1011

Full record

length
Mean (PW)

2004-2014

0.59+0.16

0.59+0.16

0.58+0.06

0.5710.06

0.4540.05 0.4110.04

0.4540.05 0.40£0.04

0.331+0.04

0.3510.04

0.55+0.25

0.59+0.25

Full record
Trends and

95% CI
(PW/year) 2004-2014

MHT

length

0.0034+0.0090

0.0015+0.0168

-0.0009+0.0010

-0.004240.0045

-0.002440.0031 -0.0009+0.0023

-0.007740.0114 -0.0008+0.0070

0.0011+0.0016

-0.0022+0.0058

0.000410.0001

-0.0001£0.0076

Note. Trends are given in units of Sv/year for M,, and MOC, and in PW/year for MHT.
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3.34 M,, in CGCMs data

To understand the disagreement between the CMIP6-mean M, and
the other estimates, we examined the individual time-mean AM,, values
from each of the 32 CMIP6 historical simulations for the periods 1850-
2014 (Figure 3.5a) and 2004-2014 (Figure 3.5b). We have found that only
12 out of 32 CMIP6 models present a negative sign for M,, in both periods
(Figure 3.5a and b), with seven of them showing a M,, mean not
significantly different from the AX18-XBT M,, mean for the same period
(2004-2014) (Figure 3.5b).
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Figure 3.5. M,, across 34.5°S in the Atlantic Ocean, employing historical data
from 32 CMIP6 models for the periods (a) 1850-2014 and (b) 2004-2014. Circles
and error bars indicate the mean and the standard deviation of the models without
considering seasonal variability, using blue and red error bars to indicate a
positive or negative model mean of M,,, respectively. The green solid line
represents the multi-model CMIP6 M,, mean with light green shading for
standard deviation in both periods (a and b). The orange solid line indicates the
AX18-XBT M,, mean with light orange shading for standard deviation for the
period 2004-2014 (b).
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Next, to clarify the causes of the opposite sign of the M,,, we have
analyzed the different patterns in the vertical profiles of salinity,
temperature, and meridional velocity across 34.5°S from the 32 CMIP6
models (Figure 3.6). Our results show differences in salinity and velocity
profiles, but only the salinity profiles exhibit a clear separation between
models with positive and negative M,,. Specifically, models with positive
M,y have clearly fresher upper and saltier deep waters compared to those
with negative M,, (Figure 3.6). This result is consistent with previous

results from CMIP4 (Liu et al., 2014) and CMIP5 (Liu et al., 2017) models.
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Figure 3.6. Time- and zonal-averages of vertical profiles of (a) salinity, (b)
temperature, and (c) meridional velocity for the 32 CMIP6 models across 34.5°S.
Light blue and red colors indicate positive and negative model mean of M,,,
respectively, while solid blue/red lines represent the mean of the models with
negative/positive M,,. The green solid line represents the hydrographic profiles
of (a) salinity and (b) temperature from MSM60 at 34.5°S for reference.
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When comparing the profiles of salinity with observations (Figure
3.6a), the observed data show saltier surface and fresher intermediate
waters, more closely resembling the CMIP6 models with negative and
positive M,,, respectively. The salinity in the deep waters resembles the
mean of the CMIP6 models with negative M,,. Therefore, these findings
suggest an alternate correspondence between observed and simulated

salinity profiles in different water layers.

3.3.5 Covariability of the meridional fluxes

The results presented in Table 3.5 demonstrate that, from the full
record length of all data sets used in this study, there is a consistent positive
correlation in magnitude between the variability of MOC and M,, and
MHT and M,,, as well as a positively correlated variability of MOC and
MHT. Our analysis reveals different degrees of relationships between the
South Atlantic meridional fluxes at 34.5°S. Starting with the relationship
between MOC and M,,, the analysis of AX18-XBT data a weak linear
relationship, with the MOC explaining only 3% of the M,, variance with a
linear regression slope of approximately -0.0050 = 0.0043 Sv/Sv
(positively correlated in magnitude). However, it is important to remember
that there are only 49 AX18-XBT realizations. When using the Argo data
sets, a stronger linear relationship is observed, with the MOC explaining
59-76% of the M,, variance and linear regression slopes of about
-0.0149 £ 0.0007 Sv/Sv (Argo Alt.) and -0.0123 £+ 0.0005 Sv/Sv (RG
Argo). Additionally, analyses using numerical models also show a
moderately strong linear relationship between MOC and M,,, explaining
30-74% of the variance, with regression slopes ranging from -0.0091 to

-0.0195 Sv/Sv.
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Table 3.5. Correlation between the South Atlantic Meridional fluxes at 34.5°S from the full record length of observational and model-

based data.
M,,/MOC (Sv/Sv) M,,/MHT (Sv/PW) MHT/MOC (PW/Sv)
Data
Slope R’ Slope R’ Slope R’

AX18-XBT -0.0050 £+ 0.0043 0.03 -0.2310 £ 0.0733 0.17 0.0407 £ 0.0053 0.56
Argo Alt. -0.0149 £ 0.0007 0.59 -0.2750 £ 0.0087 0.74 0.0557 £ 0.0013 0.85
RG Argo -0.0123 £ 0.0005 0.76 -0.4383 £ 0.0141 0.82 0.0484 + 0.0009 0.93
OFES -0.0174 £ 0.0002 0.52 -0.3527 £ 0.0111 0.69 0.0604 + 0.0003 0.87
GLORYS -0.0106 %+ 0.0009 0.30 -0.3061 £+ 0.0126 0.65 0.0483 £+ 0.0015 0.76
MOM6-JRA -0.0195 £ 0.0006 0.74 -0.3245 £ 0.0095 0.76 0.0560 £ 0.0009 0.92
MOM6-MERRA?2 -0.0124 £ 0.0007 0.38 -0.2914 £+ 0.0110 0.61 0.0525 £ 0.0011 0.83
CMIP6-mean -0.0091 £ 0.0002 0.57 -0.1265 £ 0.0022 0.63 0.0738 £+ 0.0004 0.94
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Our analysis of AX18-XBT data shows a weak linear relationship
between MHT and M,,, with the MHT explaining only 17% of
the M,, variance and a linear regression slope of approximately
-0.231010.0733 Sv/PW (positively correlated in magnitude). The linear
relationship between MHT and M, is stronger in the Argo data sets, where
the MHT explains 74-82% of the M,, variance, with linear regression
slopes 0f'-0.2750+0.0087 Sv/PW (Argo Alt.) and -0.43834+0.0141 Sv/PW
(RG Argo). Likewise, all of the numerical models exhibit a strong linear
relationship between MHT and M,,, explaining 61-76% of the variance,
with linear regression slopes ranging from -0.1265 to -0.3527 Sv/PW.

As expected from previous studies, there is a moderately strong
relationship between the MOC and MHT in the AX18-XBT data. The
MOC explains 56% of the MHT variance, with a linear regression slope
of about 0.0407 =+ 0.0053 PW/Sv (positively correlated). The linear
relationship between the MOC and MHT is even stronger in the Argo data
sets, where the MOC explains 85-93% of the MHT variance, with linear
regression slopes of 0.0557 +0.0013 PW/Sv (Argo Alt.) and
0.0484 4+ 0.0009 PW/Sv (RG Argo). Similarly, all of the numerical
models exhibit a strong linear relationship between MOC and MHT,
explaining 76-94% of the variance, with linear regression slopes ranging

from 0.0483 to 0.0738 PW/Sv.

In summary, our analysis reveals a modest linear (positively
correlated in magnitude) relationship between MOC and M., a stronger
linear (positively correlated in magnitude) dependence between MHT and
M,y, and an even stronger linear relationship (positively correlated)
between MOC and MHT derived from the data sets used. Most of the

correlations exhibit moderately high R’ values, indicating a linear
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relationship between these South Atlantic meridional fluxes at 34.5°S
(Table 3.5), suggesting that an increase in M,, corresponds to an increase
in MOC and MHT. The strengthened MOC increases the northward
transport of warm surface waters, thereby increasing MHT (positively
correlated). Conversely, the positively correlated M,,/MOC relationship in
magnitude takes into account that a weakening of MOC reduces the
transport of salty surface waters from the South Atlantic to the North
Atlantic. This reduction contributes to the accumulation of freshwater and
lighter surface waters in the subpolar North Atlantic, hindering the sinking

process and further contributing to AMOC weakening.

3.3.6 Seasonal variability of the meridional fluxes

Figure 3.7 illustrates the seasonal variability of M,, (first column),
MOC (second column), and MHT (third column) in the Atlantic Ocean at
nominally 34.5°S using observational and numerical model data. It is
worth noticing the difficulty in inferring the seasonal variability of the
South Atlantic meridional fluxes with the AX18-XBT data due to their
limited sample size for some months (only February, March, May,
October, and November have more than four samples), (Figure 3.7a-c).
OFES does not show strong seasonal variability in any of the South
Atlantic meridional fluxes (Figure 3.7j-1). The other data sets have similar
seasonal cycles for M., MOC, and MHT, with stronger negative M,
values and stronger positive MOC and MHT values observed during late

austral autumn and winter months, specifically from April to August.

85



Chapter 3

Mov (Sv) o MOC (Sv)

0.2

MHT (PW)

XBT-AX18

0.5

Argo Alt.

0000 -
[SENCASEN YN

RG Argo

OFES

GLORYS

CMIP6 Mov>0

02V 25 [W

CMIP6-mean MOM6-MERRA2 MOM6-JRA

CMIP6 Mov<0

—__////’\\\\\——_ ___////~\\\\\‘__
| == =7 =
0.2 15
& & <
% @é%»%»%,%/)‘/"/’y@%oq‘f%ﬁ@o % 5’647‘9}’»%;‘/"0(/(’/4‘(90?0%/%1/0@0 % @é%»%»%;%o‘/"/’y%&%q’f%po%

Figure 3.7. Seasonal variability of M,, (Sv), MOC (Sv), and MHT (PW) derived
from the full record length of observational and numerical model data across
34.5°S in the Atlantic Ocean for the different data sets indicated on the y-axis.
The circles correspond to the meridional flux values for each month in the period

of the corresponding data set. The black solid line connects the mean meridional

flux value for each month, averaged by the different years with the standard
deviation of each month included in a light color. The data sets used are AX18-
XBT (a—c), Argo Alt. (d-f), RG Argo (g—i), OFES (j-1), GLORYS (m-o),
MOMG6-JRA (p-r), MOM6-MERRA?2 (s—u), and CMIP6-mean (v—x), we have
also included the mean values of the CMIP6 models that estimate M,,> 0 in red

and M,, < 0 in blue.
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These findings support the previously described covariability
between the South Atlantic meridional fluxes discussed in Section 3.3.4.
Note that the CMIP6-mean M,, values remain positive throughout most of
the year. However, when we examine the average seasonal variability of
the CMIP6 models with positive M,, (20 CMIP6 models) versus those with
negative M,, mean (12 CMIP6 models), the results indicate that M,,
exhibits stronger seasonal variability for CMIP6 models with M,, < 0.
Additionally, on average the CMIP6 models with a positive M,, mean have
stronger MOC and MHT values during all months.

3.4 Discussion and Conclusions

In this study, we use high-density AX18-XBT data along with Argo
float-derived data sets and numerical model data to conduct a multi-data
set analysis of M., as well as MOC and MHT in the South Atlantic Ocean
at 34.5°S. Through our updated AX18-XBT data analysis, an 18-year time
series of the South Atlantic meridional fluxes is generated, which are then
compared with data from Argo Alt., RG Argo, OFES, GLORYS, MOM6-
JRA, MOM6-MERRAZ2, and 32 CMIP6 models. Our comparison is aimed
at determining the consistency between the observational and modeling
data in the South Atlantic region, as well as investigating the correlation

and seasonal variability of the South Atlantic meridional fluxes.

The stability of the MOC is assessed in this study by estimating the
meridional freshwater flux (M,,) at 34.5°S in the Atlantic Ocean. This flux
is crucial in determining the basin-scale MOC salt feedback because it
regulates the amount of freshwater entering the basin, thereby influencing
the salt concentration and density of the water. The M,, results obtained

during the overlapping period from AX18-XBT sections, as well as from
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monthly data of Argo Alt., RG Argo, OFES, MOM6-JRA, and CMIP6-
mean are not significantly different. However, GLORYS and MOM6-
MERRA present lower M,, negative values. The observations consistently
show a negative M,, with a mean value from AX18-XBT of -0.16 £+ 0.09
Sv, as well as the other mean estimates of [-0.03 to -0.18] from Argo float-
derived data and OGCMs. In contrast, only the CMIP6 ensemble has a
positive Mo, with a mean value of 0.06 & 0.15 Sv. The negative M., values
observed at approximately 34.5°S in the Atlantic Ocean indicate that the
AMOC transports freshwater toward the south, which requires a net inflow
of freshwater north of 34.5°S to maintain the salinity associated with the
overturning circulation. Therefore, our study suggests that the AMOC is
currently in a bistable regime and could collapse if a large enough
freshwater perturbation occurs (Rahmstorf, 1996). In addition to
freshwater perturbation, Liu et al. (2017) showed that the bistable AMOC
can collapse under double CO> warming. Our XBT-derived mean is
consistent with prior studies that employed observational data to
demonstrate the export of freshwater [-0.08 Sv to -0.34 Sv] from the
Atlantic Ocean through its southern boundary by the overturning
circulation Bryden et al. (2011), McDonagh & King (2005), Garzoli et al.
(2013), Cainzos et al. (2022a), Weijer et al. (1999), and Huisman et al.
(2010). In contrast, Cainzos et al. (2022a) estimated from observations an
inconclusive M,, result of 0.0 £ 0.02 Sv, hence indicating that the AMOC
is not exporting enough freshwater from the Atlantic Ocean. As
mentioned, the negative M,, derived from AX18-XBT data differs from
the CMIP6-mean results providing M,, > 0. This M,, > 0 CMIP6-mean
result agrees with previous model-based estimates in the South Atlantic of
[0.09-0.18 Sv] by Drijfhout et al. (2011) and Mecking et al. (2017), as well
as from a range 0f 0.24 to -0.11 Sv at 33°S estimated by de Vries & Weber
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(2005). In addition, our study analyzed trends of M,,, measured at 95%
confidence intervals, and found a positive (decreasing) trend during the
overlapping period in all models except the multi-model CMIP6-mean. It
is important to note that the interannual variability is highly dependent on
the data set and period used, mostly exhibiting non-significant trends
during the overlapping period. Therefore, based on the trends measured at
95% confidence intervals from the data sets used in our study, we cannot
definitively determine whether the M,, has been decreasing or increasing

its negative value over time.

We find that only 12 out of 32 CMIP6 models exhibited a negative
M,y mean value. It is well-known that there is a positive salinity bias in
several current generations of CGCMs at nominally 34.5°S in the South
Atlantic Ocean, as found using data from CMIP3 models by Liu et al.
(2014), CMIP4 models by Mecking et al. (2017), and CMIP5 models by
Weijer et al. (2019) and Liu et al. (2017) in the same region. Our analysis
of vertical salinity profiles has identified a clear differentiation between
CMIP6 models presenting positive and negative M,, values. Models with
positive M,, values have fresher upper and saltier deep waters than those
with negative M., values, suggesting that the salinity structure may play a
role in determining the sign of M,,. We have attempted to understand the
differences among these models by conducting calculations in three
specific sections (a zonal section at 34.5°S, and two meridional sections at
Drake Passage and south of South Africa). These calculations included
computing the freshwater flux through each section, the evaporation minus
precipitation within the enclosed region, and the overall salinity transport
and its divergence (not shown). Despite our efforts, we have not identified
any specific patterns or behaviors in the respective fluxes that can explain

the differences in M,,’s sign.
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We have estimated that the strength of MOC at nominally 34.5°S,
using AX18-XBT data during the overlapping period (2004-2014), is
19.3 £+ 2.7 Sv. This value is consistent with our estimates of [15.9-20.4 Sv]
using Argo Alt., OFES, GLORYS, MOM6-MERRA2, and CMIP6-mean
data sets. Nevertheless, we have estimated a slightly weaker MOC of
15.4 £0.6 Sv from MOM6-JRA, and a significantly weaker MOC of
13.4 £ 0.4 Sv when using RG Argo data compared to the AX18-XBT
result. Our estimate of the strength of MOC at nominally 34.5°S using
AX18-XBT data is also consistent with previous observational and model
estimates of [14.7-20.7 Sv] by Manta et al. (2021), Kersal¢ et al. (2021),
Meinen et al. (2018), Perez et al. (2011), Dong et al. (2011, 2015),
Majumder et al. (2016), Garzoli et al. (2013), as well as Weijer et al.
(2020). However, our AX18-XBT mean result shows a stronger MOC than
the 14.8 + 1.0 Sv estimated by Arumi-Planas et al. (2023).

The significantly weaker MOC estimated with RG Argo compared
to AX18-XBT data could be explained by the absence of Argo data in the
regions shallower than 2,000 m depth near the east and west coasts, as well
as the uneven distribution of Argo data in space and time. Argo floats
provide discrete profiles at specific locations and times, which can
introduce sampling errors when interpolated. Additionally, Argo float data
may have biases in the measurements of ocean properties, such as
temperature and salinity, that can affect the estimation of transports
(Roemmich & Gilson, 2009). However, this is not the case with the Argo
Alt. product, which combines temperature and salinity profiles from Argo
floats with monthly satellite altimetry SLA, reducing the underestimation

of MOC.
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Our estimate of MHT from the AX18-XBT transect data, which is
0.59 £ 0.16 PW, establishes that the South Atlantic Ocean transports heat
northward. This result is consistent with mean MHT estimates of [0.40-
0.62 PW] from Argo Alt., RG Argo, OFES, GLORYS, MOM6-JRA, and
CMIP6-mean. However, MOM6-MERRA presents a lower MHT of 0.35
+ 0.04 PW compared to the AX18-XBT result. These findings align with
previously published observational studies, presenting [0.49-0.55 PW] by
Garzoli & Baringer (2007), Dong et al. (2009, 2015), Garzoli et al. (2013),
and Kersalé et al. (2021), as well as previous studies using numerical
model data 0f [0.38-0.42 PW] by Perez et al. (2011) and Dong et al. (2011).
Therefore, our estimates of MOC and MHT are consistent with earlier
estimates obtained by models and observations in the South Atlantic at
34.5°S, demonstrating the robustness of those earlier estimates of MOC
strength of =19 Sv and northward MHT of =0.60 PW. We have also
analyzed time series trends measured at 95% confidence intervals and
found that MOC and MHT have been strengthening using AX18-XBT data
for both the full data set period and the overlapping period. While OFES,
MOMG6-JRA, MOM6-MERRA2, and CMIP6-mean show strengthening
trends in MOC during the overlapping period, which agrees with the
AX18-XBT data, Argo Alt., RG Argo and GLORYS suggest a weakening,
consistent with RAPID array’s findings at 26°N (Frajka-Williams et al.,
2019). However, Frajka-Williams et al. (2019) reported different trends
across latitudes in the Atlantic Ocean from 2004 to 2017, noting
strengthening and weakening trends in MOC at 16°N and 26°N,
respectively. The study highlighted latitudinal dependence in AMOC
variability and suggests that comparisons between results at 34.5°S and
26°N are challenging. It’s essential to emphasize that, among these data

sets, only MOM6-MERRA presents a significant trend in MOC during the

91



Chapter 3

overlapping period. For MHT, Argo data sets, OGCMs, and CGCMs
indicate a non-significant weakening trend during the overlapping period

instead of the strengthening MHT obtained using AX18-XBT data.

Based on our estimates, we have examined the correlation between
M,/MOC, M,,/MHT, and MHT/MOC across 34.5°S in the South Atlantic
Ocean. We found a linear relationship between the variability of these
South Atlantic meridional fluxes, estimating a negative linear regression
slope between M,,/MOC and M,/MHT (positively correlated in
magnitude), and a positive slope between MHT/MOC (positively
correlated). Our analysis reveals different degrees of relationships between
MOC and M,,: AX18-XBT data shows a weak linear relationship,
explaining only 3% of the M,, variance with a linear regression slope of
approximately -0.0050 £ 0.0043 Sv/Sv; Argo data sets explain 59-76% of
the variance, with linear regression slopes from -0.0149 to -0.0123 Sv/Sv;
and numerical models explain 30-74% of the variance, with slopes ranging
from -0.0091 to -0.0195 Sv/Sv. Similarly, we found a linear relationship
between MHT and M,, with AX18-XBT data explaining only 17% of the
M,, variance with a linear regression slope of -0.2310 £ 0.0733 Sv/PW;
Argo data sets explain 74-82% with linear regression slopes from
-0.2750 to -0.4383 Sv/PW; and numerical models explain 61-76% of the
variance, with linear regression slopes ranging from -0.1265 to
-0.3527 Sv/PW. Finally, the relationship between MOC and MHT derived
from the AX18-XBT data explain 56% of the MHT variance, with a slope
of about 0.0407 £ 0.0053 PW/Sv; Argo data sets explain 85-93% of the
variance, with slopes of 0.0484-0.0557 PW/Sv; and numerical models
explain 76-94% of the variance, with slopes ranging from 0.0483 to
0.0738 PW/Sv. This finding is consistent with the previous results of the
correlated variability between MOC and MHT with a slope of
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~0.05 PW/Sv from observations and models at nominally 34.5°S in the
South Atlantic Ocean (Dong et al., 2009, 2011; Perez et al., 2011).
Therefore, the linear regressions suggest that a higher M,, corresponds to

a higher MOC and MHT.

The positive relationship between MOC and MHT can be
explained by the fact that a strengthening of MOC, which carries warm
surface waters northward, results in an increase of MHT due to the
associated increased transport of warm surface waters. However, the
positive correlation in magnitude between MOC and M,, is more complex.
This relationship can be explained by the fact that as the AMOC weakens,
the transport of salty surface waters from the South Atlantic to the North
Atlantic decreases. Within the subpolar North Atlantic, these waters
undergo cooling, densification, and subsequent sinking to deeper layers
before flowing southward. Consequently, the weakened AMOC
contributes to the accumulation of less saline surface waters in the subpolar
North Atlantic. This reduced transport in the upper layers by the AMOC
may exert an influence on the density of surface waters, hindering the
sinking process in the North Atlantic and thereby exacerbating the overall

weakening of the AMOC.

The lower R? values obtained from the AX18-XBT data may be
attributed to the small sample size of the data set, as well as to the inherent
limitations of the XBT data. XBTs do not directly measure salinity or
velocity, which can introduce errors and limitations in capturing the
complete picture of ocean circulation. Due to changes in the orientation of
the shipping routes, the AX18-XBT lines are not always across fixed
latitudes, which could also influence the relationships of M,,/MHT with

AMOC. The higher R? values obtained from the numerical models can be
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explained by the fact that these models are based on physical equations
and incorporate various data sets and parameterizations, allowing them to
capture complex interactions and processes that might not be fully
captured by the limited observations from AX18-XBT data. This results in
a stronger linear relationship between M,,/MOC, M, /MHT and
MHT/MOC when using numerical models.

The time series of the South Atlantic meridional fluxes exhibit
significant interannual variability from all data sets used in our study.
Across almost all of the observational and numerical model data sets, the
seasonal cycle in M,,, MOC, and MHT, vary such that there are minima in
M.,y (largest negative values relative to the mean) and maxima in MOC and
MHT (largest positive values relative to the mean) from late austral
autumn to winter, specifically from April to August, which agrees with the
seasonal variability previously reported by Dong et al. (2009).
Nevertheless, we cannot infer the seasonal cycle from the AX18-XBT data
due to limited sampling, as the transect is only sampled every 3 months,
and the data for some months are limited. Specifically, we only have more
than four samples available for February, March, May, October, and
November. Additionally, sampling aliasing in space and time may
influence the XBT data, as the mean latitude of each AX18 transect varies

between 30°S and 35°S (Figure 3.1, Dong et al., 2014).

In conclusion, this study improves our understanding of the
variability of freshwater transport by the Atlantic Meridional Overturning
Circulation and its impact on the global climate system. The M,, findings
from observational data, ocean models, and some coupled climate models
considered here suggest a bistable regime of the meridional overturning

circulation according to a simple conceptual model and a global circulation
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model (Rahmstorf, 1996). Additionally, this study highlights the different
salinity structures for CMIP6 models with positive M,, mean, indicating
that the salinity biases may be responsible for the opposite sign of M,,.
Specifically, models with positive M,, values show fresher upper and
deeper saltier waters compared to those estimating negative M,, values.
Therefore, we emphasize the need for refining CMIP6 model
representations, specifically the salinity bias, to enhance the reliability of
AMOC projections in CMIP6 models, especially given the significant
implications for IPCC risk analyses. Finally, our results demonstrate that
seasonal variability of the data sets provides a coherent picture of the
concomitant variability and correlation of the South Atlantic meridional
fluxes at 34.5°S: M,, is positively correlated in magnitude to MOC and
MHT, and MOC is positively correlated to MHT, presenting higher
negative M,, values and higher positive MOC/MHT transports from April
to August.
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Chapter 4

4.1 Introduction

The World Ocean Circulation Experiment (WOCE) was a global
oceanographic research program carried out in the 1990s, which assessed
every ocean basin with high-quality hydrographic data, from transoceanic
zonal and meridional sections of closely spaced stations. The results from
this study allowed estimation of the oceanic transports of mass, heat,
freshwater and other properties from the sea surface to the seafloor of
every ocean (Chapman, 1998; Ganachaud, 2003; Ganachaud & Wunsch,
2000; Macdonald & Wunsch, 1996). As summarized by Gordon (1986)
and Schmitz (1995), the general features of the ocean’s global overturning
predate WOCE. However, the newly-developed approach of inverse
modeling along with the newly collected data, allowed an improved,
internally consistent, quantification of global transports (Roemmich &
Wunsch, 1985; Wunsch, 1996). From these data, a clear picture of the
Meridional Overturning Circulation (MOC) emerged, which is a variable-
in-time three dimensional system joining all the ocean basins (Gordon,
1986; Lumpkin & Speer, 2007; Talley, 2003). Therefore, the next step
consists of estimating how the property transports and patterns of
circulation change over time. In order to accomplish this purpose, repeated
hydrographic sections in key latitudes and longitudes have been carried
out in the framework of the Global Ocean Ship-Based Hydrographic

Investigation Program (GO-SHIP) (www.go-ship.org). Sampling of

different ocean properties (including temperature, salinity, nutrients and
oxygen) are collected by high accuracy measurements from the surface to
the bottom of the ocean with an approximate decadal base, with a spatial

resolution according to the internal Rossby radius, and sections that extend
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from coast to coast or enclose regions. In addition, an inverse method is
used to estimate the ocean circulation and property transports from closed
hydrographic sections of every ocean (Casanova-Masjoan et al., 2018;
Hernandez-Guerra et al., 2005, 2010, 2014, 2017, 2019; Hernandez-
Guerra & Talley, 2016; Pérez-Hernandez et al., 2013).

This study is centered at 32°S in the South Pacific Ocean, where
the boundary currents in the thermocline layers of the subtropical gyre are
the East Australian Current (EAC) in the western boundary, and a set of
eastern boundary flows alternating in the north/south direction: the
equatorward Peru-Chile Current and the poleward Peru-Chile
Undercurrent. The EAC is the intense western boundary current flowing
along the east Australian shelf break and slope as part of the anticyclonic
circulation of the south Pacific gyre (Hamon & Tranter, 1971; Tomczak &
Godfrey, 1994). The presence of New Zealand, near 34°S, distorts the
circulation in the southern limb (Godfrey, 1989), causing the EAC to
separate from the Australian coast and to flow eastward, with its southern
boundary forming a strongly eddying feature: the Tasman Front
(Mulhearn, 1987). The Peru-Chile Current is the wide eastern boundary
current, flowing northward along the upper waters off the west coast of
South America. The Peru-Chile Undercurrent is a subsurface current
flowing poleward over the slope along the Peruvian and Chilean coasts
(Strub et al., 1998). The Indonesian Throughflow (ITF) is the main
gateway of upper layer waters from the Pacific Ocean transported
westward into the surface waters of the Indian Ocean (Hernandez-Guerra

& Talley, 2016).

The main goal of this work is to extend a previous study of the

Pacific Ocean at 32°S carried out by Hernandez-Guerra & Talley (2016),
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which was focused on the 2003 and 2009 sections, as well as to estimate
the changes of the ocean circulation across different decades, by analyzing
and comparing hydrographic data collected in 1992 and in 2017, together
with those in 2003 and 2009. Furthermore, an attempt to infer the
dynamical forcing causing the change in ocean circulation is carried out.
To accomplish these goals, Section 4.2 presents the hydrographic and
numerical model data used in this study. Section 4.3 exhibits the vertical
sections of the different ocean properties to describe the main water masses
present at 32°S. Next, Section 4.4 describes the geostrophic transport
relative to the reference level, followed by the characteristics of the inverse
model. The final mass and silicate transports obtained after applying the
inverse model are described in Section 4.5, including the estimate of the
meridional overturning circulation and its change in time. Section 4.6
describes the horizontal circulation focusing on the upper, deep, and
abyssal layers with a specific study of the EAC and the Peru-Chile Current
and Undercurrent. Section 4.7 shows a comparison between the
hydrographic data and output of numerical model data with the aim of
studying if the circulation changes are reproduced by these models.
Section 4.8 presents the Sea Surface Height Anomaly (SSHA) and Rossby
wave dynamics as responsible of the circulation variability at 30°S in the
South Pacific Ocean. Section 4.9 shows the temperature and freshwater
transports for the four hydrographic realizations, and finally, a discussion

with the conclusive remarks is provided in Section 4.10.

4.2 Hydrographic and Numerical Model Data

Hydrographic data collected in 1992 (02/05-13/07) and 2017

(03/07-30/09) over the entire water column at stations along section P06
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at nominally 32°S in the South Pacific Ocean area added to the surveys
done in 2003 (03/08-16/10) and 2009 (21/11-10/02) (Figure 4.1). Previous
studies carried out by Ganachaud (2003) and Hernandez-Guerra & Talley
(2016) have already analyzed the data compiled in 1992, and 2003 and
2009, respectively. In this study, we have again processed and analyzed
the 1992 data. All these data were collected as part of the WOCE and GO-
SHIP (Talley et al., 2016), and are publicly available through the CLIVAR
and Carbon Hydrographic Data Office (CCHDO, http://cchdo.ucsd.edu)

(Table 4.1).
Pacific Ocean (P06-32°S)
Oo T Lv
2 P06-1992
10°S \ ® P06-2002 | ¢n
N ® P06-2009 g
20°Sf © ° §f P06-2017 | =
= k<]
e South Fiji & <
E Basin a'FE 8 Sala y Gomez Ridge 5 5
30°S “‘;', e, X @ y g = o
2 S L Chile Basin.2 /| =
< Tasman Sea g <°¢. . g o"/} f: 8
40°S N~ QL %,, Southwest Pacific & s, 3z
> % Basin 5 Se &
J chatmpy Rjse Q’% u‘? Southeast Pacific =
7 (] Basin
50°8 g o o W o o
150°E 180 150°W 120°W 90°W 60°W

Figure 4.1. Station positions for P06 cruises carried out at nominally 32°S in the
Pacific Ocean in 1992, 2003, 2009, and 2017.

Additionally, SADCP data for 2017, collected using a 38 kHz
narrowband RDI system were used for geostrophic velocity referencing,
complemented by some LADCP station profiles. A system formed by an
upward-looking (300 kHz) and a downward-looking (150 kHz) LADCP
was used to provide a velocity profile from the surface to the bottom of the
ocean at each station. The LADCP data were processed using the LDEO

Matlab package, using the bottom-track (BT) and ship-drift (GSP)

constraints and blending the SADCP data with LADCP data

(https://currents.soest.hawaii.edu/go-ship/ladep_rst 2015-
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2018/2017_P06_ancillary-data.html#ancillary-data-2017-p06). Figure 4.3
shows the velocity profiles of LADCP and SADCP, which sometimes

don’t match. This profile of SADCP is computed as the average velocity
from one station to the next station, while the SADCP used to compute the
LADCP velocities are the SADCP in each hydrographic station. As
geostrophy integrates the velocity between stations, LADCP velocities on
each station fail to resolve the horizontal sampling due to the fact that they
are located in each station and not in the middle as geostrophic velocity is
calculated. However, the continuous underway SADCP data set can be
used to average between stations, so it matches the integration in
geostrophy (E. Firing, personal communication). For this reason, SADCP
data are expected to be a more useful tool to estimate the velocity at the

reference level.

We complement our hydrographic data with simulations from a set

of ocean models, as follows.

The Geophysical Fluid Dynamics Laboratory (GFDL) OM4
ocean/sea ice model is used (Adcroft et al., 2019). The ocean component
of OM4 uses version 6 of the Modular Ocean Model (MOM, hereafter)
and has a nominal 0.25° horizontal spacing with no mesoscale eddy
parameterization and 50 vertical levels. The dynamical core of MOM is
based on the hydrostatic primitive equations formulated in their
generalized vertical coordinate form. MOM was forced with the JRAS55-
do atmospheric reanalysis product (Tsujino et al., 2020) over the years
1958-2018 and monthly averages were stored for the entire length of the

simulation.
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Table 4.1. Hydrographic cruise information. All CTD data are available online
from the CLIVAR and Carbon Hydrographic Data Office (CCHDO,
http://cchdo.ucsd.edu/). In 2017, LADCP and SADCP data for P06-West and

P06-East are  available online from the CLIVAR  archive
https://usgoship.ucsd.edu/cruise-data-submit-download/.
Cruise  Dates No. CCHDO Ship Chief scientist
stations Expocode
P06- 1992-05-02 69 316N138 3 KNORR H. L. Bryden (Woods
East to Hole  Oceanographic
1992-05-26 Institution, Woods
Hole, MA 02543,
USA)
P06- 1992-05-30 114 316N138 4 KNORR M. McCartney (Woods
Center to Hole  Oceanographic
1992-07-07 Institution, Woods
Hole, MA 02543,
USA)
P06- 1992-07-13 78 316N138 5 KNORR J. Toole (Woods Hole
West  to Oceanographic
1992-07-30 Institution, Woods
Hole, MA 02543,
USA)
P06- 2017-07-03 143 320620170703 Nathaniel S. Mecking (Applied
West  to B. Palmer Physics  Laboratory,
2017-08-17 University of
Washington, USA)
P06- 2017-08-20 107 320620170820 Nathaniel K. Speer (Department
East to B. Palmer of Oceanography, The
2017-09-30 Florida State

University, USA)
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ECCOv4r3 (Estimating the Circulation and Climate of the Ocean
Version 4 Release 3; ECCO, hereafter) is a data-assimilating model
produced by the Jet Propulsion Laboratory. ECCOv4r3 includes monthly
data of the state of ocean’s evolution over time for the period 1992-2015
with a nominal 1° horizontal resolution configuration of the MIT general
circulation model over the entire globe (Forget et al., 2015; Fukumori et

al., 2017).

The Southern Ocean State Estimate (SOSE) is a sea ice-ocean data-
assimilating model developed at the Scripps Institution of Oceanography
which provides a monthly gridded dataset at 1/6° horizontal resolution for
the period 2005-2010. While this model does not come with explicit
uncertainty estimates, the major biases are well documented and include
too-shallow pycnocline in the subpolar gyres and too broad of a range in
mixed-layer depth (Mazloff & National Center for Atmospheric Research
Staff (Eds.). 2016).

The CMEMS (Copernicus Marine Environment Monitoring
Service) ocean model GLORYS12V1 (Global Ocean Physics Reanalysis;
GLORYS, hereafter) is a global ocean reanalysis at eddy-resolving
resolution describing ocean circulation, including forcing by satellite
altimetry measurements of sea level from the period 1993-2019. It is based
on the current real-time global forecasting CMEMS system. The model
hydrodynamics are based on NEMO (Nucleus for European Modelling of
the Ocean). In situ observations are assimilated from CORA4 database,
and atmospheric forcing from ERA-Interim data. Furthermore, altimeter
data (sea level anomaly), satellite sea surface temperature, sea ice
concentration, and in situ temperature and salinity vertical profiles are

jointly assimilated. The monthly gridded datasets are displayed on a
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standard regular grid at 1/12° (~ 8 km) and on 50 standard levels (Drévillon
et al., 2018).

In summary, three of the models used (ECCO, SOSE and
GLORYY) are data-assimilating models spanning from coarse to eddy-
permitting horizontal resolution (1°, 1/6° and 1/12°), and the fourth one
(MOM) is a free-running model with a relatively high horizontal resolution
(1/4°). Also, the models have been run over different periods of time with
at least two model outputs available for each P06 occupation. Monthly
data over the entire water column along 30°S in the South Pacific Ocean
for June 1992 (MOM and ECCO), September 2003 (MOM, ECCO, and
GLORYS), January 2010 (MOM, ECCO, SOSE, and GLORYS), and
August 2017 (MOM and GLORYS) are compared with the mass transports
from hydrographic data after the inverse model is applied. The latitude
chosen for the models is 30°S in order to match the western part of the P06
section. With this choice, the EAC is better represented and there are no
major changes between the circulation in the ocean interior between 30°S

and 32°S.

4.3 Vertical Sections and Water Masses

Transpacific vertical sections of potential temperature, salinity,
neutral density y™ (Jackett & McDougall, 1997), oxygen and silicate at the
P06 nominal latitude of 32°S are used to identify the existing water masses
in the South Pacific Ocean (Figure 4.2), following Talley et al. (2011).

Figure 4.2 shows the labels of the water masses.
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a) Pacific Ocean (P06-32°S) — 2017 — 8 (°C) b) Pacific Ocean (P06—32°S) — 2017 — Salinity
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Figure 4.2. Vertical sections of (a) 6 (°C), (b) salinity, (c) oxygen (umol/kg), and
(d) silicate (umol/kg) at 32°S in the Pacific Ocean for data collected in 2017. The
water masses identified are: Eastern South Pacific Central Water (ESPCW),
Western South Pacific Central Water (WSPCW), South Pacific Subtropical Mode
Water (SPSTMW), Equatorial Subsurface Water (ESSW), Subantarctic Mode
Water (SAMW), Antarctic Intermediate Water (AAIW), Upper Circumpolar
Deep Water (UCDW), Pacific Deep Water (PDW), and Lower Circumpolar Deep
Water (LCDW). Tick-marks on the top axis indicate the location of stations. The
isoneutrals labeled (white lines) are the y™ layers used to estimate the geostrophic
transport.
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In the upper layer, between the surface and y" = 26.45 kg/m?
(above ~200 m depth) the South Pacific Central Water (SPCW) is found
with relatively high potential temperature (>15°C, Figure 4.2a), relatively
high salinity (>34.5, Figure 4.2b) and high dissolved oxygen and low
silicate values (>220 pmol/kg and <2 pmol/kg, Figure 4.2c¢ and d
respectively). This water mass is characterized by subtropical thermocline
waters formed by subduction (Talley et al., 2011). The SPCW can be
divided into two different water masses: Western South Pacific Central
Water (WSPCW) and Eastern South Pacific Central Water (ESPCW). The
WSPCW (S > 35.5 and dissolved oxygen ~230 pmol/kg) is separated from
the eastern boundary by the fresher ESPCW (34.5 < S < 35 and dissolved
oxygen ~230-250 pmol/kg) (Emery, 2001; Emery & Meincke, 1986;
Sprintall & Tomczak, 1993).

In the western boundary, the South Pacific Subtropical Mode
Water (SPSTMW) is found below the WSPCW to roughly y™ = 27.00
kg/m?, which corresponds to ~300-600 m depth. SPSTMW is formed by
the subduction of thick winter mixed layer and characterized in the vertical
by low levels of dissolved oxygen (< 200 pmol/kg, Figure 4.2c), salinities
of ~35-35.5 (Figure 4.2b), and potential temperatures of about 10-19°C
(Figure 4.2a).

The Equatorial Subsurface Water (ESSW), found in eastern coastal
regions between 26.45 kg/m?® <y™ < 27.00 kg/m? (~300-500 m depth), is
formed near the equator by vertical mixing of waters. The ESSW is carried
eastward by the Equatorial Undercurrent and the Southern Subsurface
Countercurrent, and then the Peru-Chile Undercurrents transport ESSW
southward to approximately 48°S (Montes et al., 2010; Neshyba, 1979;
Stramma et al., 2010; Tsuchiya & Talley, 1998; Wyrtki, 1967). ESSW is
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characterized by potential temperatures of about 6-10°C (Figure 4.2a),
relatively low salinities (>34.3, Figure 4.2b), silicate concentrations of
>10 umol/kg (Figure 4.2d), and extremely low oxygen values (<150
umol/kg, Figure 4.2¢) (Brink & Robinson, 2005; Silva et al., 2009).

The Subantarctic Mode Water (SAMW) is found between
26.45 kg/m3 < y™ <27.00 kg/m?, which corresponds to ~300-500 m depth.
SAMW is formed by subduction of thick winter mixed layer from
Subantarctic Front and is characterized in the vertical by potential
temperatures of about 10-15°C (Figure 4.2a), relatively high salinities
(~35-35.5, Figure 4.2b), oxygen values of about 200 umol/kg (Figure

4.2¢), and low silicate concentrations (< 5 pmol/kg, Figure 4.2d).

Below this layer, in the intermediate waters (between 27.00 kg/m?
< y™ < 27.58 kg/m?, which corresponds to ~500-1500 m depth, the
Antarctic Intermediate Water (AAIW) is located. The AAIW is formed by
advection of fresh Subantarctic Surface Waters (SASW). The AAIW is a
relatively cold water mass with potential temperatures of about 4-8°C
(Figure 4.2a), and it is characterized in the vertical by the minimum salinity
values (<34.4, Figure 4.2b), high dissolved oxygen concentration (>200
umol/kg, Figure 4.2c), and a silicate concentration of ~5-50 umol/kg
(Figure 4.2d) (Talley et al., 2011; Tsuchiya, 1991; Tsuchiya & Talley,
1996).

In the deep layer, with a neutral density range of 27.58 kg/m3 < y™
< 28.10 kg/m?, extending in the range ~1500-4000 m depth, is found the
core of the Pacific Deep Water (PDW), which is formed by mixing and
aging of deep waters that flow into the Southern Ocean. Because of its
formation mechanism and source, the waters in the PDW are the oldest of

the global ocean. The PDW is characterized in the vertical by low levels

109



Chapter 4

of oxygen (<200 pmol/kg, with a minimum of 150 pmol/kg in the ocean
interior, Figure 4.2¢), low potential temperatures (1-3°C, Figure 4.2a),
salinity values of about 34.5-34.7 (Figure 4.2b), and the maximum silicate
concentration among the different water masses (about 70-130 umol/kg,

Figure 4.2d) (Knauss, 1962; Talley et al., 2011; Wijffels et al., 2001).

In the South Pacific, the Upper Circumpolar Deep Water (UCDW)
is located in shallower layers 27.58 < y™ < 28.04 kg/m? than the core of
the PDW. The UCDW is formed by the mixing of deep waters in the
Southern Ocean, and is characterized in the vertical by low levels of
oxygen (<160 pmol/kg, Figure 4.2c), low potential temperatures
(~1.4-4 °C, Figure 4.2a), a silicate concentration of about 40-125 pmol/kg
(Figure 4.2d), and salinity values of ~34.4-34.69 (Figure 4.2b) (Callahan,
1972; Talley et al., 2011).

The densest water mass in the Pacific, y™ > 28.1 kg/m* from
approximately 4000 m depth to the seafloor, is called the Lower
Circumpolar Deep Water (LCDW). The analogous layer in the Atlantic is
commonly called Antarctic Bottom Water (AABW). As stated in Talley et
al. (2011), this water mass comes from the Southern Ocean formed by a
mixture of the deep waters of all three Oceans: North Atlantic Deep Water
(NADW), PDW and Indian Deep Water (IDW). LCDW is identified in the
Pacific Ocean by low potential temperatures (<1°C, Figure 4.2a) and high
salinity (>34.7, Figure 4.2b). Moreover, if compared with PDW, the higher
oxygen concentration (~200 umol/kg, Figure 4.2c) and lower silicate
concentration (~120 pmol/kg, Figure 4.2¢) of the LCDW, indicate that it
is significantly younger than the PDW (Kawano et al., 2006; Talley et al.,
2011).
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In addition, the tilted isotherms and isoneutrals in the transpacific
vertical sections allow to identify the effect of the East Australian Current
(EAC) in the western basin, and the Peru-Chile Current (PCC) in the
eastern basin and the Deep Western Boundary Current (DWBC) on the
eastern flank of the Tonga-Kermadec Trench (Figure 4.2).

4.4 Relative Geostrophic Transport and Inverse Model

Geostrophic  velocity and transport are calculated using
temperature-salinity profiles collected at each station pairs along section
P06 in 1992, previously computed by Ganachaud (2003), and in 2017
(Figure 4.1). The distance between stations takes into account the internal
Rossby radius, with smaller spacing across boundary currents and across
strong topographic slopes, both in the interior and close to the coasts. At
each station, the temperature and salinity every two decibars were
collected for the full water column depth using a SeaBird 911+
Conductivity-Temperature-Depth (CTD), as well as water samples for

salinity, oxygen, silicate, and other chemical tracers.

The thermal wind equation is used to compute the relative
geostrophic velocity profile at each station pair, with a reference layer of
no motion chosen at the neutral density y™ = 28.1 kg/m? that separates the
deep and the abyssal waters (Figure 4.2). This layer, also known as ZVS
“Zero Velocity Surface”, is the same used in previous studies carried out
using hydrographic data at 30°S in the Pacific Ocean (Ganachaud, 2003;
Hernéndez-Guerra & Talley, 2016; Hernandez-Guerra et al., 2019). If the
deepest common level of the stations pairs is shallower than the reference
layer, the bottom is used as the initial reference level of no motion. Below

the deepest common depth of each station pair, velocities are considered
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to be constant. In addition, the velocities at the reference level are
estimated from Lowered Acoustic Doppler Current Profiler (LADCP) and
Shipboard Acoustic Doppler Current Profiler (SADCP) data from the 2017
occupation (Comas-Rodriguez et al., 2010; Joyce et al., 2001; Wijffels et
al., 1998). Finally, the velocities at the reference level are adjusted from
an inverse box model for 1992 and 2017, in which only the mass and
silicate transports were used. For the inverse model, the same constraints
as in Hernandez-Guerra & Talley (2016) have been used to be able to

compare both results.

Figure 4.3 shows a comparison between the initial geostrophic
velocity (dashed black lines), the SADCP velocity averaged between
stations (red line), LADCP velocity (blue line) calculated as the mean of
the LADCP velocities in each hydrographic station, and the geostrophic
velocity adjusted to the SADCP or LADCP velocity (black solid line), with
four different adjustments. Firstly, either if both LADCP and SADCP
(Figure 4.3a) or just the SADCP data agree (Figure 4.3b) with the profile
of the geostrophic velocity, the initial geostrophic velocity is adjusted to
the SADCP data. Secondly, if only the LADCP data agrees with the pattern
of the geostrophic velocity, the initial geostrophic velocity is adjusted to
LADCP data (Figure 4.3c). If neither the structure of the LADCP nor
SADCP data agree with the profile of geostrophic velocity, the initial
geostrophic velocity is not adjusted (Figure 4.3d).
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Figure 4.3. Comparison between the initial geostrophic velocity profile (dashed
black lines), the LADCP (blue line) and SADCP (red line) velocity normal to the
station pairs, and the geostrophic velocity adjusted with LADCP or SADCP data
(black solid line). The subplots correspond to different adjustment examples: (a)
both, SADCP and LADCP, data agree with the geostrophic velocities, (b) only
SADCP data agree, (c) only LADCP data agree, and (d) none agree.

Following Herndndez-Guerra & Talley (2016), Herndndez-Guerra
et al. (2019) and Talley (2008), mass and property transports are computed
for the different isoneutral layers that divide the water column (Figure 4.2).
The surface geostrophic transport includes the net Ekman transport into
the first layer in both 1992 and 2017. The Ekman transport is computed
using the NCEP (National Centers for Environmental Prediction) wind-
stress (Kalnay et al., 1996) corresponding to the time of the cruise

following Hernandez-Guerra & Talley (2016). The resulting surface winds
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for the cruise periods give an Ekman transport of 0.31 +0.16 Sv and
0.33 + 0.16 Sv for 1992 and 2017, respectively (1 Sv = 10° m*/s ~10°
kg/s). The inverse model adjusts these initial Ekman transports to

0.31 4+ 0.16 Svand 0.29 £ 0.15 Sv for 1992 and 2017, respectively.

The initial zonally-integrated mass and silicate transports per layer
through 32°S in the Pacific Ocean are shown in Figure 4.4. The initial mass
and silicate transport include the estimation of the velocity at the reference
layer from ADCP data. The total mass transport presents a northward
initial imbalance of 7.1 Sv for 1992 and of 26.3 Sv for 2017 (Table 4.2).
The circulation schema presents an equatorward mass transport for the
upper and bottom layers, and a southward mass transport at deep layers.
The initial silicate transport structure is similar to the mass transport and
presents a northward initial imbalance of -689.6 kmol/s and of 801.4
kmol/s for 1992 and 2017 (Table 4.2), respectively.

In order to reduce this large imbalance, an inverse model has been
applied to estimate an adjustment to the velocity at the reference layer,
subject to chosen constraints and uncertainties (Wunsch, 1978, 1996). The

subsequent equation for mass transport must be solved:

ff pbdxdz = —ff pV.dxdz + Ej,

where p is the density, b is the unknown reference velocity, V. is the
relative geostrophic velocity obtained from the thermal wind equation with
the estimated referenced velocities from ADCP data, E) is the Ekman
transport normal to the section, and x and z designate the along-section
and vertical coordinates, respectively. See the Appendix A to know how

to introduce the ITF and Bering Strait transport constraints. For silicate
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transport, the above equation has to be multiplied for the silicate

concentration.
P06 - Initial Mass Transport P06 - Initial Silicate Transport
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Figure 4.4. Initial zonally-integrated meridional mass (Sv) (a) and silicate
transport (kmol/s) (b) per layer across 32°S in the Pacific Ocean for data collected
in 1992 and in 2017.

This procedure provides one single equation for each vertically
integrated mass and silica constraint with 228 and 248 unknowns (the
number of station pairs) for 1992 and 2017, respectively. The silicate
transport constraint applied in this study differs from the no net meridional
silica transport previously applied in the inverse model by Hernandez-
Guerra & Talley (2016), Robbins & Toole (1997), and Wijffels et al.
(2001). This study uses a more recent silicate transport constraint

estimated by Talley & Sprintall (2005). In addition to total mass and silica
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constraints, several regional constraints were introduced for different
longitude and depth ranges (Table 4.2). Previous studies of earlier
occupations of these sections in the Pacific (Hernandez-Guerra & Talley,
2016; Wijffels et al., 2001) included the same mass transport constraints
in specific longitude ranges and depths from independent data. Thus,
equatorward mass transport for the narrow Deep Western Boundary
Current (DWBC) just east of the Tonga-Kermadec Ridge (TKR) is
constrained (Whitworth et al., 1999).

The solution of the inverse model follows the same approach
developed in Joyce et al. (2001) and subsequently carried out by
Casanova-Masjoan et al. (2018) and Casanova-Masjoan et al. (2020), with
some specific differences. The closed box for the inverse model is
composed of the transpacific 32°S section plus the ITF and Bering Strait
transport. The full matrix equation and its derivation are provided in the
Appendix A. Following Wunsch (1996), the inverse problem is solved
through the Gauss-Markov method, which requires a priori variance for
each equation and solution chosen to be the same as in Hernandez-Guerra
& Talley (2016). The a priori velocity variance for the solution is set to
(2 cm/s)?, except in regions with strong shear that increases to (4 cm/s)?,
corresponding to the EAC and the DWBC. The a priori variance expressed
as standard deviation of each equation is shown in Table 4.2. The Gauss-
Markov method solves an undetermined system of equations by choosing
the one that minimizes its variance, providing the velocities at the
reference layer together with their uncertainties. From here, we have

estimated mass transports and uncertainties.
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Table 4.2. Regional transport constraints and inverse model results for the Pacific Ocean (P06) at 32°S in 1992 and 2017. Positive
transports are northward, and negative are southward. Initial and final transports relative to the ZVS at y" = 28.1 kg/m® are listed.

Pacific Ocean - . 1992 1992 2017 2017
Property Longitude Layers Constraint .. . .. .
Po6 Initial Final Initial Final
Total mass' ITF and Bering  All
Strait transport 1:10 15+5 7.1 152+ 103 26.3 153 +104
(Sv)
Silicate Total Silicate All
. 1:10 120 + 20 -689.6 1204 £ 1166 801.4 0.1 +256
conservation (kmol/s)
Deep transport’ Tasman Sea (Sv) 150-161°E 9:10
05+05 0.2 075+ 1.0 0.1 1.2+0.5
Deep transport’ Tasman Sea (Sv) 161-173°E 7:10
0+£0.5 0.4 0.0+05 1.2 0.0+0.5
Deep transport’ Tasman Sea (Sv) 173-181°E 7:10
0+05 -1.0 -0.0 £ 0.6 1.5 0.0+0.5
Deep transport® Eastern Basin 110-70°W 8:10
0.75 +£0.75 -1.0 0.7+£0.7 -0.8 0.7+£0.7
(Sv)
DWBC Tonga-Kermadec 180-168°W 8:10
4 , 15+4 10.8 148 £4.7 13.5 13.5+3.1
constraint Ridge (Sv)
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Boundary

current result

Boundary

current result

Boundary

current result

Boundary

current result

Boundary

current result

East Australian

Current (Sv)

East Australian

Current
Recirculation
(Sv)

Peru-Chile
Current (Sv)

Peru-Chile
Undercurrent
(Sv)

Deep Eastern
Boundary

Current

Coast to
154.3°E (1992)
156.6°E (2017)
154.3° to
156.7°E (1992)
156.6° to
158.5°E (2017)

85°W to coast

75°W to coast

76.3°W to coast

(1992)

86.0°W to coast

(2017)

1:8

1:8

1:3

6:7

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

-35.1£2.0

172+ 1.9

44+1.0

-6.9+49

NA

NA

NA

NA

NA

-392+ 1.6

123 £2.5

441038

-1.5+0.8

-8.5+6.8

“ITF transport from Gordon et al. (2010) and Sprintall et al. (2009). "Silicate conservation from Talley & Sprintall (2005). ‘Deep
transport constraints from Wijffels et al. (2001). ¢ DWBC constraint from Whitworth et al. (1999).
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The velocities at the reference level estimated from SADCP and
LADCEP data and from the inverse model for 2017 are presented in Figure
4.5. The adjusted velocities from ADCP data (Figure 4.5a) are higher than
the velocities from the inverse model (Figure 4.5b), which are not
significantly different from zero (i.e., -0.02 £ 0.08 cm/s) at all stations as
in previous inverse models (Hernandez-Guerra et al., 2019; Hernandez-

Guerra & Talley, 2016).

P06 - Reference Velocity
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Figure 4.5. Geostrophic velocity (cm/s) adjusted to the SADCP or LADCP data
(a) and reference velocities from the inverse model (b) at each station pair for
2017 P06 section at nominally 32°S in the Pacific Ocean.
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4.4 Final Adjusted Transport

4.5.1. Meridional transport per layer

Figure 4.6 shows the final mass and silicate transports per neutral
density layer after the inverse model, where both mass and silicate
transports from Herndndez-Guerra & Talley (2016) for 2003 and 2009 are
included, is applied. For both 1992 and 2017, the net initial mass (7.1 and
26.3 Sv, respectively) and silicate transports imbalances (-689.6 kmol/s
and 801.4 kmol/s, respectively) are adjusted to the constraints (15.2 + 10.3
Svand 15.3 + 10.4 Sv, and 120.4 + 1166 kmol/s and 0.1+ 256 kmol/s, in
1992 and 2017, respectively) as seen from the total transports in Table 4.2.
Thus, the final transports satisfy the constraints within the uncertainty. The
total mass transport for 1992 is comparable with the mass transport
16.1 £ 5.1 Sv estimated from the inverse model developed by Ganachaud
(2003). Results show the same pattern as previous analyses of the mass
transport per layer at this latitude for 2003 and 2009 (Hernandez-Guerra
& Talley, 2016), with a roughly similar transport pattern in 1992, 2003,
2009 and 2017: northward mass transport in the upper (Layers 1-5) and
abyssal layers (Layers 9-10), and southward mass transport in the deep
layers (Layers 6-8). In 2017, layer 8 has a slight northward mass transport
probably due to warming of the abyssal layers (Purkey et al., 2019), but it
has been included in the deep layers according to its density following

Hernéndez-Guerra & Talley (2016).

Inverse model results show that abyssal equatorward flow in the
transoceanic section at 32°S is bottom intensified (Figure 4.6), with a
northward flow of 20.5 + 6.7 Sv and 16.1 + 7.8 Sv for 1992 and 2017,

respectively. This bottom Pacific mass transport is consistent with
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previous estimates. For the 32°S WOCE section, Wijffels et al. (2001)
estimated a similar net northward inflow of 18 + 2 Sv. Weaker net
equatorward mass transports were estimated by Wunsch et al. (1983)
(12 Sv in the lowest layers) using the 1968 Scorpio sections. Using Reid
(1997)’s absolute geostrophic velocity for the Scorpio sections. Talley et
al. (2003) estimated a deep inflow of 10 Sv, and Katsumata & Fukasawa
(2011) obtained a Pacific deep inflow of 10 Sv below y™ = 28.0 kg/m?,
which was larger than their 8 Sv result for the 1992 WOCE occupation. A
more moderate inflow of 7 + 2 Sv at 32°S in 1992 was estimated with a
global inverse model by Ganachaud & Wunsch (2000). More recently,
with a global inverse model, Lumpkin & Speer (2007) presented a stronger
inflow of 14.9 + 3.4 Sv. Most recently, Hernandez-Guerra & Talley (2016)
estimated a net equatorward deep inflow of 15.5 + 6.9 Sv for 2003 and
10.8 = 6.5 Sv for the 2009 GO-SHIP section, which are not significantly
different from our results for 1992 and 2017.

The deep and bottom layers of the adjusted silicate transport
(Figure 4.6b) resemble the profile of mass transport (Figure 4.6a). There
is a northward silicate transport in the deepest layers (Layers 8-10), as well
as a poleward silicate transport in the deep layers (Layers 6-7) that extends
up to layer 5. Low silicate transports in the uppermost layers (Layers 1-—4)
result from very low silicate values in the first 1000 m of the water column
(Figure 4.2d and 4.6b). Once again, silicate transports resemble the profile
0f2003 and 2009 results computed by Hernandez-Guerra & Talley (2016),
with a roughly similar silicate transport pattern in years 1992, 2003, 2009
and 2017.
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Figure 4.6. Final zonal-integrated meridional mass transport (Sv) (a) and silicate
transport (kmol/s) (b) per layer, with error bars, across 32°S in the Pacific Ocean
for data collected in 1992, 2003, 2009 and 2017.

4.5.2. Meridional Overturning Transport

The meridional overturning transport across 32°S for the Pacific
Ocean is computed by vertically integrating the mass transport from the
bottom to the surface of the ocean (Figure 4.7). The resulting overturning
streamfunction for 2003 and 2009, computed by Hernandez-Guerra &
Talley (2016) and reproduced in Figure 4.7, presents a nearly zero net flow
in layer 3. Such characteristic may be caused by the balance between net
northward flow for the ITF and net southward flow in the thermocline

associated with the shallow overturn of the subtropical gyre (Talley, 2003,
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2008) that can be also observed in our results for 1992, but not in 2017.
The intensity of the overturning, called Pacific Meridional Overturning
Circulation (PMOC), is generally described as the maximum in the
overturning streamfunction, comprising equatorward flow within the
South Pacific Ocean and returning poleward flow as PDW (1500-4000 m).
The PMOC in 1992 and in 2017 shows the same pattern as in 2003 and in
2009. However, as shown in Table 4.3, the PMOC presents a minimum in
2009 (-11.6 £ 8.0 Sv), although not significantly different from the PMOC
in 1992 (-19.9 + 7.4 Sv), 2003 (-15.5 £ 7.9 Sv) and 2017 (-18.4 £ 6.5 Sv).

P06 - Overturning Streamfunction
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Figure 4.7. Overturning mass transport stream function across 32°S in the Pacific
Ocean for 1992, 2003, 2009 and 2017. This function is computed as the zonally-
and vertically-integrated mass transports in isoneutral layers (along the entire
section from the seafloor to the sea surface).
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Table 4.3. Intensity of the deep Pacific Meridional Overturning Circulation
(PMOC) results for the Pacific Ocean (P06) at 32°S in 1992, 2003, 2009 and in
2017. Negative (southward) deep transports are summed to estimate the PMOC.

Year PMOC (Sv)
1992 -199+74
2003 -155+79
2009 -11.6 £ 8.0
2017 -184+ 6.5

4.6 Horizontal distribution of final adjusted transport

Figure 4.8 shows the eastward zonally accumulated mass transport
in isoneutral layers for 1992 and 2017, and for 2003 and 2009 computed
by Herndndez-Guerra & Talley (2016). The accumulated transport is
obtained by integrating the mass transport in each layer eastward from zero
at the western boundary, and then summing together northward and
southward layer transports as in Figure 4.6. The Pacific Ocean is then
divided into a three-layer system: northward mass transport in the
uppermost layers (1-5, Figure 4.8a), southward in the deep layers (6-8,
Figure 4.8b), and northward in the abyssal layers (9-10, Figure 4.8c).
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P06 - Accumulated Mass Transport - Upper layers (1-5)
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Figure 4.8. Eastward accumulated mass transport (Sv) at 32°S in the Pacific
Ocean for (a) upper, (b) deep, and (c) bottom layers for 1992, 2003, 2009 and
2017. Bottom plot shows the bathymetry for reference.
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4.6.1. Upper Ocean Circulation

The accumulated upper ocean mass transport (Figure 4.8a),
consisting of thermocline and intermediate waters (surface to y™ =27.58
kg/m3, about 1500 m depth), presents an intense western boundary current
flowing poleward, an equatorward recirculation east and close to the
western boundary, and a net equatorward Sverdrup mass transport across
the ocean interior with a wide and slow Peru-Chile Current in the eastern
boundary, representing the usual subtropical gyre feature. Eddies are the
responsible for the alternating mass transports present along the whole
subtropical gyre and are intensified in the westernmost part of the

circulation, corresponding to the Tasman Sea as noted in both Hernandez-

Guerra & Talley (2016) and Wijftels et al. (2001).
4.6.1.1 Interior Gyre Circulation

The Pacific Ocean interior circulation for 1992, 2003 and 2017
differs noticeably from that of 2009 (Figure 4.8a). These marked
differences are also found in deep and bottom accumulated mass transports
(Figure 4.8b and c). West of the TKR, located at approximately 175°W
encompassing the Tasman Sea and South Fiji Basin, the horizontal mass
transports for the three years are similar, with net poleward mass transport
dominated by the southward EAC and its equatorward recirculation, and a
major eddy field. The ocean circulation of the full water column across the
mid-Pacific, between the TKR and the East Pacific Rise (EPR) at 110°W,
is significantly different in 2009 compared with the ocean circulation in

1992, 2003 and 2017.

In the upper layers, the 2003 mass transport is a “classic gyre” with

a northward mass transport from the TKR to the EPR, whereas in 2009 the
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structure of the mass transport is a “bowed gyre”, reaching maximum
southward values at around 140°W, then rebounding with compensating
equatorward mass transport (Hernandez-Guerra & Talley, 2016). The
pattern of the circulation in 2017 has changed from the “bowed”
circulation in 2009, and resembles again the “classic gyre” of 1992 and
2003. The mass transports for the four years seem to coalesce at the EPR,
with a net equatorward mass transports of 14.7 + 2.5 Sv in 1992,
13.2 £ 2.2 Svin 2003, 12.3 £ 2.3 Svin 2009 and 16.9 + 2.4 Sv in 2017.
Therefore, the net northward mass transports obtained in 1992 and in 2017
are comparable with the estimated mass transports previously computed
by Ganachaud (2003) for 1992 (16.1 + 5.1 Sv), and for 2003 and 2009
computed by Hernandez-Guerra & Talley (2016). The “bowed gyre”,
subject to significant interannual variability (M. C. McCarthy et al., 2000),
was previously observed by Wyrtki (1975) with a classic surface dynamic
model, and by McCarthy et al. (2000). Using the original WOCE P06
section in 1992, Wijffels et al. (2001) identified a double gyre. In contrast,
Reid (1997)’s surface circulation showed a circulation similar to the

“regular gyre” years as in our results.

4.6.1.2 Western Boundary Current: East Australian Current (EAC)

The EAC is an intense western boundary current that flows
southward offshore along the east Australian continental boundary. Recent
studies at approximately 32°S indicate that most of the EAC poleward
mass transport is confined between the continental shelf to ~155°E, a width
of approximately 123 km, with a relative intense net northward return flow
to the east of the boundary current (Chiswell et al., 1997; Hernandez-
Guerra & Talley, 2016; Ridgway & Godfrey, 1997; Talley et al., 2011).
From the hydrographic sections analyzed in this study, the EAC has a
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width from approximately 79 km in 1992 to 517 km in 2009, which covers
the approximately 123 km estimated by Sloyan et al. (2016) from
18-month mean along-slope velocity. As seen in Figure 4.9, the EAC
includes both upper and deep layers (Layers 1-8) and presents a net
poleward mass transport of -35.1 + 2.0 Sv in 1992 and of -39.2 + 1.6 Sv
in 2017 (Table 4.4 and Figure 4.9). The maximum southward mass
transport is found at 156.6°E in 2017, which is close to the 2003 estimate
by Hernandez-Guerra & Talley (2016), and the minimum position is found
at 154.5°E in 1992. The offshore equatorward recirculation of the EAC,
extending approximately 2° eastward from the EAC, is summed over both
upper and deep layers (Layers 1-8), and this recirculation presents a mass
transport weaker than the EAC in 1992 (17.2 £ 1.9 Sv from 154.3° to
156.7°E), and in 2017 (12.3 %+ 2.5 Sv, between 156.6° and 158.5°E).
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Figure 4.9. Mass transport (Sv) per layer corresponding to the East Australian
Current at 32°S in the Pacific Ocean for 1992, 2003, 2009 and 2017.
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Table 4.4. Mass transports inverse model results and uncertainty (Sv) for the East Australian Current, East Australian Current
recirculation, Peru-Chile Current, Peru-Chile Undercurrent and Deep Eastern Boundary Current for the Pacific Ocean (P06) at 32°S
in 1992, 2003, 2009 and 2017. Positive transports are northward and negative transports are southward.

Mass Transport (Sv)

Longitude

Layers Final 1992 Final 2003

Final 2009 Final 2017

East Australian Current

East Australian Current Recirculation

Peru-Chile Current

Coast to 154.3°E (1992)
Coast to 156.3°E (2003)
Coast to 158.9°E (2009)

Coast to 156.6°E (2017)

154.3° to 156.7°E (1992)
156.3° to 158.9°E (2003)
158.9° to 160.8°E (2009)

156.6° to 158.5°E (2017)

85°W to coast

129

1:8

1:8

1:3

-35.1+£2.0 -543+2.6

172 +£19 52.1+42

44+10 33409

-50.5+20 -392+1.6

304+16 123425

23+0.8 44+08
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Peru-Chile Undercurrent 75°W to coast 4:5 - 28+12* 38+1.2* -1.5+0.8

Deep Eastern Boundary Current 76.3°W to coast (1992) 6:7 -69+49 -534+55 93450 -85+6.8
78.6°W to coast (2003)
78.8°W to coast (2009)

86.0°W to coast (2017)

* Final mass transports computed by Hernandez-Guerra & Talley (2016).
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EAC mass transports for 1992 and 2017, according to the results
shown in this study, are comparable to the previous estimates for the 1992
WOCE P06 section: -40 + 8 Sv reported by Macdonald et al. (2009), and
-36 + 10 Sv reported by Ganachaud & Wunsch (2003). However, Wijffels
et al. (2001) reported a much weaker EAC mass transport for the early
1990s of -22.1 + 4.6 Sv, with a rms variability of 32 Sv estimated from
altimetry, based on their 1991-1994 current meter study accompanied by
ten EAC hydrographic sections from the coast of Australia to 154.4°E
(Mata et al., 2000). Most recently, Hernandez-Guerra & Talley (2016)
estimated a stronger EAC mass transport of -51.1 + 2.0 Sv and -49.9 +
2.1 Sv for 2003 and 2009, respectively, based on the mass transports for
the whole water column. Since Figure 4.9 suggests that the EAC mass
transport is present only in layers 1-8, the resulting mass transports of this
current are recalculated for these layers obtaining a poleward mass
transport of -54.3 + 2.6 Sv and of -50.5 £ 2.0 Sv in 2003 and 2009,
respectively. These results are not significantly different from those
estimated by Herndndez-Guerra & Talley (2016) and are listed in Table
4.4. EAC recirculation presents a relatively intense net northward mass
transport adjacent to the EAC, flowing over both upper and deep waters in
the South Pacific Ocean (Figure 4.8 and Table 4.4). The offshore
equatorward recirculation of the EAC presents a mass transport weaker
than the EAC in 2009 (30.4 + 1.6 Sv, between 158.9° and 160.8°E) as in
1992 and 2017 (Table 4.4). However, in 2003 the equatorward EAC
recirculation, from 156.3° to 158.9°E, has a similar mass transport
(52.1 + 4.2 Sv) to the poleward EAC transport (Table 4.4). These results
are consistent with time series of a full-depth current meter and property
mooring array at 27°S analyzed by Sloyan et al. (2016): their results

showed a weaker EAC recirculation in most occasions, but also a stronger
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than or of similar magnitude to that of the southward EAC transport in

different periods.

Under a changing climate, the EAC has been found to be
strengthening over the last decades (Johnson et al., 2011; Wu et al., 2012).
However, our results show that the EAC increased in mass transport from
1992 (-35.1 £ 2.0 Sv) to 2003 (-54.3 £+ 2.6 Sv), and then decreased slightly
in mass transport in 2009 (-50.5 £+ 2.0 Sv) and 2017 (-39.2 + 1.6 Sv), with
a very vigorous eddy field across the topographically-complex Tasman
Sea, between the Australian coast and the Tonga-Kermadec Ridge (Table
4.4). This fact could be explained by seasonal variability, as the EAC
presents a stronger poleward flow in summer (Oke et al., 2019; Ridgway,
2007), with a seasonal amplitude up to 6.2 Sv (Archer et al., 2017; Kerry
& Roughan, 2020; Ribbat et al., 2020; Ridgway & Godfrey, 1997). This
behavior is observed in our results: the EAC presents stronger transport in
2009, which section was in November (summer), than in July (winter) in
1992 and 2017, except in 2003 that presents a similar value possibly due

to interannual variability.

4.6.1.3 Eastern Boundary Current: Peru-Chile Current (PCC) and
Peru-Chile Undercurrent (PCUC)

The PCC is the eastern boundary current in the Pacific Ocean. As
any other eastern boundary current, like the Canary Current in the North
Atlantic Subtropical Gyre (Casanova-Masjoan et al., 2020; Hernandez-
Guerra et al., 2017; Vélez-Belchi et al., 2017), it is difficult to identify in
the accumulated mass transport due to the fact that the current is weak
(~3-4 Sv estimated by Shaffer et al. (2004)) and the variability induced by
the eddy field is relatively strong.
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The equatorward PCC is evident in the upward slope of the
isotherms and isoneutrals in the upper layers (>700 m) off the west coast
of South America (Figure 4.2) (Strub et al., 1998; Talley et al., 2011;
Tsimplis et al., 1998). The Peru-Chile Undercurrent (PCUC) is found
below the PCC (Wooster & Reid, 1963), and extends over the continental
shelf and slope, where the isotherms and isoneutral slope downward
(Shaffer et al., 1999). Following Herndndez-Guerra & Talley (2016), the
PCC is estimated from the surface to y™ = 27.0 kg/m? (Layers 1-3) and
from 85°W to the coast of Chile, while the PCUC in the Layers 4-5 and
from 75°W to the Chilean coast (Table 4.4). Thus, the flow of PCC is
estimated to be 4.4 + 1.0 Sv in 1992, 3.3 + 0.9 Sv in 2003, 2.3 £+ 0.8 Sv
in 2009, and 4.4 + 0.8 Sv in 2017, which are all not significantly different,
except for 2009. The PCUC does not appear in 1992, and the mass
transport is estimated to be -2.8 + 1.2 Sv in 2003, -3.8 + 1.2 Sv in 2009,
and of -1.5 + 0.8 Sv in 2017, which again shows that the estimations for
2003 and 2017 are not significantly different, but that a more intense
PCUC is found in 2009. These results are consistent with the moderate
average estimated mass transport of the PCUC at 30°S of 1-1.3 Sv
previously reported by Huyer et al. (1987), Shaffer et al. (2004), and
Shaffer et al. (1999). According to the Sverdrup relation (Sverdrup, 1947),
a negative nearshore wind stress curl (WSC) drives a poleward mass
transport. According to Vergara et al. (2016), the poleward decrease of
WSC in 2009 could be related to the poleward increase in the PCUC
intensity of that year. Interestingly, Chaigneau et al. (2013) estimated a
strong PCUC intensification in winter 2010 using SADCP data, similar to
the intensification estimated in our results for the P06 cruise in 2009 that

took place in the eastern boundary in winter 2010.
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4.6.2. Deep Ocean Circulation

Figure 4.8b shows the accumulated mass transport for the PDW
layers (layers 6-8). The net poleward mass transport of PDW through 32°S
in 1992 (-19.9 £ 7.4 Sv), 2003 (-15.5 £ 7.9 Sv), 2009 (-10.5 £ 7.3 Sv),
and in 2017 (-17.7 &+ 7.5 Sv) are not significantly different. The overall
zonal structure for 1992 and 2017 is remarkably different from 2009, but
similar to 2003. There are two deep western boundaries, one at ~155°E and
the other one at ~175°W. The mass transport at ~155°E, which corresponds
to the deepest part of the EAC as shown in Mata et al. (2000), does not
present any significant difference in 1992 (-3.3 + 2.5 Sv), 2003
(-5.3 +3.7Sv),2009 (-5.4 £ 1.9 Sv) and 2017 (-6.4 + 2.0 Sv). In contrast,
noticeable differences are shown in the mass transport at approximately
175°W, with a southward mass transport of -10.7 + 2.6 Sv in 1992,
-5.3 £ 3.7 Sv in 2003, the strongest southward mass transport in 2009
(-17.9 £ 4.0 Sv), and -4.0 + 6.0 Sv in 2017. In 1992, 2003 and 2017 -the
“classic gyre” years- net poleward mass transport was mostly
accomplished by gradual accumulation of mass transport across the width
of the section. In 2009, the ‘‘bowed gyre” year, the large southward mass
transport in the Southwest Pacific Basin, obtained between the deep
western boundary found at 175°E and west of 140°W, is compensated by
northward flow across eastern Pacific to about 78°W (of about 25 Sv), and
then a southward flow in the eastern boundary, with a net mass transport

similar to the other years (Herndndez-Guerra & Talley, 2016).

Furthermore, a narrow deep eastern boundary current in the
Chilean basin, previously described by Schulze Chretien & Speer (2019)
and Shaffer et al. (2004), is centered above the Peru-Chile Trench at about
2500-3400 m depth (Layers 6-7) and from ~85°W to the Chilean coast.
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This current presents a poleward mass transport of -6.9 + 4.9 Sv in 1992,
-5.3 £ 5.5 Svin 2003, -9.3 + 5.0 Sv in 2009, and -8.5 + 6.8 Sv in 2017
(Table 4.4). The southward mass transports of this boundary current are
consistent with the approximately -5 Sv in all four occupations previously
estimated using WOCE P06 data by Shaffer et al. (2004) for 1992, and by
Schulze Chretien & Speer (2019) for the 2003, 2009, and 2017.

4.6.3. Abyssal Ocean Circulation

Figure 4.8c presents the accumulated mass transport for the LCDW
layers. The mass transport for layers 9 and 10, as shown in Figure 4.6a,
describes a northward flow into the Pacific close to the TKR to 140°W
(Figure 4.8c). The net abyssal northward mass transport in 1992
(20.5 £ 6.7 Sv), 2003 (15.5 £ 6.9 Sv), 2009 (10.8 &+ 6.5 Sv), and in 2017
(16.1 £ 6.8 Sv) are not significantly different. In 1992, 2003 and 2017,
the equatorward mass transport was broadly distributed over the deepest
part of the Southwest Pacific Basin. However, most of the northward mass
transport in 2009 is in the narrow DWBC, which resembles Reid (1997)’s

abyssal circulation maps based on a 1968 hydrographic section.

4.77. Numerical Ocean Models

Ocean models give a description of the state of the ocean’s
evolution over time. From these models, data covering the period of each
hydrographic section have been used (Figures 4.10 and 4.11), with the aim
of identifying whether the observed changes in circulation are reproduced
by these models and to try to find out whether the 2009 “bowed gyre”

circulation has occurred in other periods.
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The model outputs (ECCO, SOSE, GLORYS, and MOM) show
roughly similar patterns as the hydrographic data in the upper layers for
1992, 2003, 2009 and 2017 (Figures 4.10a, 4.10d, 4.11a, and 4.11d)
although, as previously mentioned, with a weaker EAC and a similar
pattern circulation in in the ocean interior for the upper layers. In the deep
layers (Figure 4.10b, 4.10e, 4.11b, and 4.11e), none of the models is able
to represent the strong poleward mass transport east of TKR, possibly due
to their relatively coarse horizontal resolution. In fact, only the eddy-
resolving GLORYS reanalysis shows a distinct poleward transport
intensification in 2009. In contrast, models show a roughly similar pattern
in circulation as hydrographic data in the ocean interior except in 2009. In
abyssal layers, models noticeably differ from the hydrographic data in
1992, 2003, and 2017 (Figures 4.10c, 4.10f, and 4.11f), with very weak
LCDW equatorward transports. Interestingly, all models simulate
transports close to the hydrographic data, both in terms of zonal structures
and accumulated transports, in the bottom layers of 2009 (Figure 4.11c¢).
Finally, none of the ocean models reproduces the “bowed” circulation of

the hydrographic data present in 2009.
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Figure 4.10. Eastward accumulated mass transport (Sv) at 32°S in the Pacific
Ocean for (a, d) upper, (b, ) deep, and (c, f) bottom layers for 1992 and 2003,
respectively, estimated from hydrographic data and from the ocean models
ECCO, GLORYS, and MOM.
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Figure 4.11. Eastward accumulated mass transport (Sv) at 32°S in the Pacific
Ocean for (a, d) upper, (b, ) deep, and (c, f) bottom layers for 2009 and 2017,
respectively, estimated from hydrographic data and from the ocean models
ECCO, SOSE, GLORYS, and MOM.

4.8. Rossby wave dynamics as responsible for circulation

variability

Large-scale Sea Surface Height Anomalies (SSHA) at 30°S in the
South Pacific Ocean are investigated using satellite altimetry data from the

AVISO product for the past 27 years (http:/las.aviso.oceanobs.com),

which are instrumental in clarifying the dynamics underlying mesoscale
eddies and Rossby waves. Figure 4.12 presents two Hovmdller diagrams

of the SSHA along 30°S from January 1993 to December 2019. Figure
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4.12a and 4.12b are obtained after removing the trend and the steric
component following Chelton & Schlax (1996). In Figure 4.12b, a low-
pass filter is also applied to the SSHA observations to retain scales longer

than 110 days and larger than 7° of longitude.

This diagram shows a large-scale, westward propagating
disturbances of 10-15 cm amplitude as also noted in Hernandez-Guerra &
Talley (2016). These disturbances are initiated in the eastern Pacific, at
~100°W, similar to the previously described ~100°-120°W region by Hill
et al. (2010) and Li et al. (2020). This region is close to the EPR where
topographic steering over the ridge topography produces an intensification
of the baroclinic Rossby waves signals produced by a WSC perturbation
in the central South Pacific. These waves are intensified as they propagate
westward, taking approximately 5-7 years to cross the 8500 km to NZ,
which corresponds to a speed of 3 cm/s. This is approximately the speed
of long baroclinic Rossby waves at this latitude. The corresponding
westward intensification was previously reported by Moore & Wilkin
(1998) using results from the Los Alamos National Laboratory global
ocean model, which properly represents planetary long waves. In addition,
using different Pacific current meter arrays, they described a persistent
train of crests and troughs west of 175°W, approximately along the TKR,
where most of the long-wave energy is lost into an eastward topographic
wave. As indicated in Herndndez-Guerra & Talley (2016), the 2003 P06
section was occupied when an anomalously lower SSHA was centered
over the EPR and a high SSHA over the southwest South Pacific Basin. A
downwelling Rossby wave was present in the central Pacific between
160°W and 150°W when the 2009 P06 occurred. Finally, the 2017 P06
occurred during a period with alternate high and low SSHA over the

Southwest Pacific Basin.
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Figure 4.12. Sea Surface Height Anomaly (m) along 30°S in the Pacific Ocean for the altimetry complete time series from
January 1993 to December 2019. The trend and the steric component are removed to (a) and (b); and a low-pass filter is
applied to retain scales longer than 110 days and larger than 7° of longitude to (b). The GO-SHIP (G-S) P06 cruise periods
in 2003, 2009, and 2017 are indicated. The longitudes of New Zealand (NZ) and East Pacific Rise (EPR) are also shown.
Merged AVISO product (http://las.aviso.oceanobs.com).
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4.8.1. Linear Rossby wave model

To study the causes of the observed spatially varying SSHA signals
in 2009, as visualized in Figure 4.12, a linear Rossby wave model is
adopted following Fu & Qiu (2002) and Vélez-Belchi et al. (2017). The
model includes the WSC variability, and the responses forced by SSHA
changes along 28-32°S. The long-wave equation for the sea surface height,

h, is

oh PBg'H.0h  g'HZVxt
3~ f2 0x  pogfH

(1

where t is time, x is the longitudinal coordinate (positive eastward), H, is
the equivalent depth of the model (H, = H;H,/(H; + H,)), Hyand H, are

the upper- and lower-layer thicknesses respectively, p, is the mean density
of sea water, g' = (‘;—p) g 1s the reduced gravity (6p is the density
0

difference between the two layers), f is the Coriolis parameter, and £ is
its meridional gradient. Integrating Eq. (1) along the Rossby wave

characteristics in the x — t plane we obtain the following solution:

X

xX—x fH, x—x'

h(x,t) = h(x,, t — °) — var<x',t— ) (2)
( c ) pogBH? c

Xe

where ¢ = — % is the phase speed of long baroclinic Rossby waves, x,

is the longitudinal location of the eastern boundary. The first and second
term in the RHS of Eq. (2) represent the influence of the free Rossby
waves propagating from the eastern boundary and the effects of wind

forcing, respectively.
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Egs. (1) and (2) can be solved from zero initial conditions in a
forward time-stepping mode using the WSC anomaly across 30°S obtained
from the reanalysis wind products of NCEP that were used in the inverse
modeling. Following Fu and Qiu (2002), we set g'=0.03 m/s?, H; = 440
m and H; + H, = 5000 m, leading to H, = 400 m.

Figure 4.13a presents the results of SSH difference between the
eastern boundary and the western boundary (from 175°E to 68°W) for the
upper layers due to baroclinic waves. As shown in Figure 4.8, the net
equatorward mass transports of the four hydrographic sections are not
significantly different in the upper layers. Thus, as the linear wave model
has used the same upper layers, the differences in SSH shown in Figure
4.13a are expected to match during the four sections. This is true for 2003
(23.4 £ 0.1 cm), 2009 (23.7 + 0.3 cm) and 2017 (24.7 + 0.3 cm), but it is
not the case for 1992 (22.5 + 0.2 cm), which is characterized by a
relatively weak SSH difference, possibly suggesting that wind stress data

during this year were not appropriate.

The difference in SSH between 140°W and 68°W, presented in
Figure 4.13b, corresponds to the slope of the sea surface at each time. A
large positive slope of the sea surface indicates a strong mass transport
flowing north and, therefore, a weaker net southward mass transport.
Conversely, if the positive slope is weakened, the flow due to Rossby
waves would still be directed northwards but with less intensity, thus
resulting in a weaker northward mass transport and a larger net southward
mass transport. Figure 4.13b shows a weaker slope in 2009 (14.7 £ 0.1 cm)
than in 2003 (16.6 = 0.1 cm) and 2017 (16.5 + 0.2 cm). Consequently, the
poleward mass transport between 140°W and 68°W in 2009 had to be the
highest, as corroborated in Figure 4.8. Again, the results for 1992
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(14.6 = 0.2 cm) suggest that the wind data during this year were not
appropriate, as they disagree with the hydrographic data circulation
pattern. It is worth mentioning that this model suggests another “bowed
gyre” event in the period of 2000-2002 (<14 cm), that can presumably be
observed in the low SSHA during this period in Figure 4.12.
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Figure 4.13. Sea surface height difference (m) at 28-32°S and its corresponding
transport (Sv) in the Pacific Ocean from the Rossby wave model, obtained using
the NCEP wind stress curl from (a) 175°E to 68°W and from (b) 140°W to 68°W.
Black vertical lines mark the times of the cruises.

Figure 4.14 presents four Hovmoéller diagrams of the SSHA along
30°S obtained using output of numerical modelling data. In the output of
ECCO and SOSE (Figures 4.14a and 4.14b), the Rossby wave originated
at 110°W is not present in 2005, however, we can see the low SSHA found
at ~175°W in 2009 but not its propagation. Figure 4.14d shows the SSHA
using the MOM output, where the Rossby wave originated at 110°W in
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2005 with negative SSHA cannot be observed, as well as the low SSHA
found at ~175°W in 2009.

a)  ECCO - Sea Surface Height Anomaly (SSHA)

Jan-2015

Jan-2013

Jan-2011

Jan-2009

Jan-2007

170'W 150'W 130'W 10w W 70W
Longitude

c)

Jan-2019 B

Jan2017 [
Jan2015
Jan-2013 =

Jan-2011

Figure 4.14. Sea Surface Height Anomaly (m) along 30°S in the Pacific
Ocean for the altimetry time series of (a) ECCO, (b) SOSE, (c) GLORYS, and
(d) MOM.

In contrast, Figure 4.14c shows that the Hovmdller diagram
obtained with the output of the GLORYS model is very similar to the in
situ data (Figure 4.12). To find out why the GLORYS model shows the
Rossby wave signal in the Hovmoller diagram but not the “bowed gyre”
circulation in the accumulated mass transport in 2009, Figure 4.15 presents
transpacific vertical sections of potential temperature (a) and salinity (b)

differences between GLORYS and hydrographic data in 2009, which
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indicate that the vertical stratification of potential temperature and salinity
data at the thermocline layer of both data set are different. The panel (a)
shows warm bias and (b) shows high-salinity bias of the GLORY'S model.
In terms of geostrophic transport, the dynamic height has a high-bias from
temperature and a low-bias from salinity. Indeed, at a potential
temperature of 10°C, salinity of 34.8 psu, and pressure of 300 dbar, the
thermal expansion is about 1.7 -10* and the haline contraction is about
7.5 -10*. Moreover, Figure 4.10 shows the warm bias is roughly 1°C and
high-salinity bias is about 0.2 psu. While salinity bias is 1/5 in magnitude
of the potential temperature bias, haline contraction is about 4 times larger
and thus thermal and haline effects are compensating. This compensation
is much weaker west of 140°W where high-salinity bias is suppressed.
There, the warm bias gives a density anomaly of 1.7 -10* * 1(°C) * 1025
(kg/m®) = 0.17 kg/m? density anomaly over a 400 m tall water column,
which translates into 400-10* (depth [Pa]) * (1/(1025-0.17) — 1/1025
[kg/m®]) / 9.8 (gravity [m/s’]) = 6.6 cm dynamic height anomaly.
Therefore, GLORYS model simulates the low SSH anomaly in 2009, but
this low dynamic height anomaly is compensated by the high dynamic
height anomaly in the upper 400 m caused by warm anomaly in the
GLORYS and its failure to reproduce the internal pressure field correctly.
Consequently, GLORYS model does not reproduce the “bowed”

circulation.
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Figure 4.15. Vertical sections for the GLORY'S data and hydrographic data differences of (a) potential temperature (°C) and (b) salinity
along section P06 in the Pacific Ocean.
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4.8. Temperature and Freshwater Transports

Table 4.5 shows a comparison between the temperature transport
(in PW) and freshwater flux (in FSv, Sverdrup for freshwater transport
without mass balance) for the section P06 in 1992 and in 2017 resulting
from this work and those estimated by Herndndez-Guerra & Talley (2016)
for 2003 and 2009.

Meridional temperature transports from the inverse model in 1992
(0.42 £ 0.12 PW), 2003 (0.38 £ 0.12 PW), 2009 (0.16 + 0.12 PW), and
2017 (0.42 £ 0.12 PW) indicate that the results are all not significantly
different except for the temperature transport estimated in 2009 (Table
4.5).

The freshwater flux is estimated following Joyce et al. (2001):

where Tj; is the absolute mass transport, S;; is the anomaly of salinity
(Salinity-S;), both in layer i at station pair j, and S, is the global ocean
mean salinity set to 34.9 as in Hernandez-Guerra & Talley (2016) and
Talley (2008). Positive freshwater values are induced by higher
evaporation than precipitation (freshwater flux from the ocean to the
atmosphere). The freshwater results in 1992 (0.25 + 0.02 FSv), 2003
(0.25 £ 0.02 FSv), 2009 (0.50 £ 0.03 FSv) and 2017 (0.34 £ 0.08 FSv)
are all similar, but significantly different from the freshwater transport
estimated in 2009 (Table 4.5). Overall, the freshwater results show an
increase in net evaporation-precipitation from 2003 to 2009, that is nearly

recovered in 2017.
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Table 4.5. Temperature transport (PW) and net freshwater transport (FSv), which
is equivalent to the net evaporation minus precipitation (positive is net
evaporation), for the Pacific Ocean north of 32°S.

Year Temperature Transport (PW)  Freshwater Flux (FSv)
1992 0.42 +0.12 0.26 £ 0.08
2003* 038 £0.12 0.25 +0.02
2009* 0.16 £0.12 0.50 £ 0.03
2017 0.42 +0.12 0.34 £ 0.08

* Heat transports and freshwater fluxes computed by Herndndez-Guerra & Talley
(2016).

Our temperature and freshwater transport results for 1992 are
similar to the ones estimated by Wijffels et al. (2001) using WOCE data
during the same year (0.75 + 0.56 PW and 0.1 + 0.1 FSv, respectively),
as well as to the heat and freshwater transport (0.44 + 0.25 PW and 0.06
FSv, respectively) estimated by Tsimplis et al. (1998).

4.9. Discussion and Conclusions

The Deep Pacific MOC shows similar patterns in 1992, 2003, 2009
and 2017. The intensity of the overturning in 2009 (-11.6 £ 8.0 Sv) is
weaker but not significantly different than in 1992 (-19.9 + 7.4 Sv), 2003
(-15.5+ 7.9 Sv), and 2017 (-18.4 £ 2.4 Sv). At the same time, the “classic
gyre” circulation pattern presented in years 1992, 2003, and 2017,
characterized by a more zonal and regular shape, differs noticeably from
the “bowed gyre” shape found in 2009. These noticeable differences in the
circulation pattern are displayed in the three-layer sets of the accumulated

mass transport at approximately 175°E, where a downwelling due to a
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Rossby wave as seen in SSHA, causes a strong poleward mass transport
from the surface towards the bottom of the ocean. This southward mass
transport in the Southwest Pacific Basin is then compensated at ~140°W
by an equatorward flow across eastern Pacific in both the upper and deep
layers, yet it is not found in the bottom layers. Moreover, after studying
these changes in the circulation pattern using four different ocean models
(ECCO, MOM, SOSE, and GLORYS), we find that the “bowed gyre” shift
presented in 2009 is not represented in any numerical modelling output.
Thus, it cannot be inferred from the output of these models if the “bowed
gyre” circulation pattern has been repeated in any other occasion in the

South Pacific Ocean at 30°S through the different decades.

Furthermore, satellite altimetry suggests that changes in sea surface
height anomaly in 1992 are associated with large-scale disturbances of
10-15 cm amplitude. These disturbances propagate slowly westward at
roughly the speed of long baroclinic Rossby waves of ~3 cm/s, although
the associated shifts in the circulation appear to be quasi-barotropic,
extending to the bottom of the ocean. The disturbances seem to be
generated in the eastern Pacific, between the East Pacific Rise and South
America. Additionally, several apparent discontinuities along the
westward propagating pathways obscure the propagating patterns of many
Rossby waves. These discontinuities can be explained by the influence of
the superimposed local factors also acting along the propagation track,
including the effects of bathymetry and of atmosphere and ocean states, in
addition to the remote forcing by the winds that first generated Rossby
waves (Li et al., 2020; Maharaj et al., 2005; Perkins & Holbrook, 2001;
Vivier et al., 1999). A downwelling Rossby wave caused an anomalously
lower SSHA centered over the East Pacific Rise in 2003, and then

propagated to the west arriving at the central Pacific between 160°W and
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140°W when the cruise P06 in 2009 occurred. A baroclinic Rossby wave
model provided a dynamical framework for a better understanding of the
observed large-scale sea surface height signals. The variability of these
signals in the South Pacific Ocean depends on the regional wind-stress curl
forcing accumulated over the years prior to any specific time. The results
from this model provide an explanation for the stronger poleward mass
transport in the accumulated mass transport at aproximately 175°E in 2009.
As a result, changes due to the quasi-barotropic shift of the horizontal
structure of the Pacific circulation within the different neutral density
layers and years are independent from changes in the Deep Pacific MOC,
extending into the deepest layers and including the Deep Western
Boundary Current, which is part of the overturning circulation. As also
noted in Herndndez-Guerra & Talley (2016), this result suggests that the
horizontal and overturning circulations are not coupled, and are affected

by processes with independent time scales.

Finally, the “bowed gyre” circulation changes the temperature
transport, as well as the freshwater transport across 32°S in the Pacific
Ocean in 2009, as the estimated temperature and freshwater transports for
this year are significantly different from the “classic gyre” years
(0.42 £ 0.12 PW and 0.25 + 0.02 FSv in 1992; 0.38 + 0.12 PW and
0.25 £ 0.02 FSv in 2003; 0.16 & 0.12 PW and 0.50 %+ 0.03 FSv in 2009;
0.42 + 0.12 PW and 0.34 £ 0.08 FSv in 2017). This is consistent with
previous studies of Behrens et al. (2021), Bowen et al. (2017),
Gnanaseelan & Vaid (2010), Polito et al. (2000), and Polito & Liu (2003),
that also reported Rossby waves, forced by wind-stress curl changes across
the South Pacific Ocean, to be responsible for the change in the local heat

and freshwater content of the water column.
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In conclusion, the contribution of the downwelling Rossby waves
not only provides a plausible explanation for the stronger poleward flow
in the accumulated mass transport at approximately 175°E, which gave rise
to the “bowed gyre” circulation pattern in 2009, but also for the
modification in the local amount of heat and freshwater content of the
water column north of 32°S in the Pacific Ocean in 2009, as the

comprehensive analysis performed herein suggests.
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This thesis has comprehensively understood the South Atlantic
circulation above the Mid-Atlantic Ridge (MAR) in terms of mass, heat,
and freshwater transports by employing an inverse method to hydrographic
data and velocity measurements. Furthermore, through a thorough analysis
of multiple data sets, this thesis describes the freshwater transport by the
Atlantic Meridional Overturning Circulation (AMOC) at 34.5°S, referred
to as M., which serves as a key indicator of the AMOC stability. This
thesis highlights differences in the sign of M,, between observational data
and numerical model estimates. Additionally, an inverse method applied
to hydrographic data in the South Pacific Ocean has allowed us to describe
two circulation patterns over different decades, identifying a “bowed gyre”
in 2009 and a “classic gyre” in 1992, 2003, and 2017. Utilizing a linear
Rossby wave model, which includes the wind stress curl variability and
responses forced by sea surface height anomaly changes along the South
Pacific region, this research sheds light on the contribution of a
downwelling Rossby wave in explaining the differences in mass, heat, and
freshwater transports during the year characterized by the “bowed gyre”.
Thus, this thesis enhances our understanding of the complex dynamics of
ocean circulation in the South Atlantic and Pacific Oceans, providing

valuable insights into their respective roles in global climate processes.
Conclusions arising from Chapter 2:

Firstly, our inverse box model has provided a detailed view of the
South Atlantic circulation by estimating the different ocean current
transports at each layer set through 24°S and 34.5°S, as well as above the
MAR at 10°W between these two latitudes using hydrographic data. The

main results from this chapter are:

155



Chapter 5

1.

The transports in the upper layers are consistent with the course of
the subtropical South Atlantic anticyclonic gyre and the northwest
route of the Benguela Current.

The deep waters show the southward flow of the Deep Western
Boundary Current and Deep Eastern Boundary Current, together
with an eastward interbasin flow at the northern stations (close to
24°S) of the 10°W section, and different recirculation routes linking

both basins.

The abyssal layers exhibit northward mass transports through the
Argentina and Cape basins, before the latest returns southward in

the ocean interior.

There is a northward heat transport across the subtropical South

Atlantic Ocean.

In this study region, evaporation dominates over precipitation.

Conclusions arising from Chapter 3:

Secondly, the multi-data set used to estimate the freshwater

transport by the AMOC, referred to as M,,, improves our understanding of

the variability of the M,, and its impact on the global climate system. The

main results are as follows:

Observational data, ocean models, and some coupled climate
models considered here suggest a bistable regime of the meridional
overturning circulation according to a simple conceptual model and

a global circulation model (Rahmstorf, 1996).

The different salinity structures for CMIP6 models with positive

M,, indicate that the salinity biases may be responsible for the
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opposite sign of M,,. Specifically, models with positive M,, values
show fresher upper and deeper saltier waters compared to those
with negative M,, values. Therefore, we emphasize the need to
refine CMIP6 model representations, specifically the salinity bias,
to enhance the reliability of AMOC projections in CMIP6 models,
especially given the significant implications for IPCC risk

analyses.

The seasonal variability of the data sets provides a coherent picture
of the concomitant variability and correlation of the South Atlantic
meridional fluxes at 34.5°S: M,, is positively correlated in
magnitude to MOC and MHT, and MOC is positively correlated to
MHT, presenting higher negative M,, values and higher positive
MOC/MHT transports from April to August.

Conclusions arising from Chapter 4:

Finally, our second inverse box model applied at 32°S in the Pacific

Ocean revealed two different horizontal circulation patterns by analyzing

hydrographic data from 1992, 2003, 2009, and 2017. The main findings

are as follows:

9.

10.

The “classic gyre” circulation pattern, characterized by a more
zonal and regular shape, differs noticeably from the “bowed gyre”

shape found in 2009.

The Deep Pacific MOC shows similar patterns across all years
analyzed, with the intensity of the overturning in 2009 “bowed
gyre” (-11.6 £+ 8.0 Sv) being weaker but not significantly different
from the other “classic gyre” years: 1992 (-19.9 + 7.4 Sv), 2003
(-15.5 £ 7.9 Sv), and 2017 (-18.4 £ 2.4 Sv).
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11.

12.

13.

14.

Despite noticeable differences in circulation patterns displayed in
the three-layer sets of the accumulated mass transport in 2009,
where downwelling causes a strong poleward mass transport from
the surface to the ocean bottom at about 175°E and then is
compensated by an equatorward flow across the eastern Pacific at
approximately 140°W, the net accumulated mass transport

remained consistent across neutral density layer sets and years.

None of the numerical ocean models (ECCO, MOM, SOSE, and
GLORYS) captured the “bowed gyre” shift observed in 2009.
Consequently, these models leave uncertainty regarding whether
the “bowed gyre” circulation pattern has been repeated at 30°S in

the Pacific Ocean on any other occasion.

Changes in SSHA in 1992 are associated with large-scale
disturbances of 10-15 cm amplitude, propagating westward at
about 3 cm/s, similar to long baroclinic Rossby waves. These
disturbances originate in the eastern Pacific and exhibit
discontinuities along their westward propagating pathways. This
behavior is influenced by local factors like bathymetry, atmosphere
conditions, and ocean states, and the initial wind forcing that

generates the Rossby waves.

A downwelling Rossby wave caused a lower SSHA near the East
Pacific Rise in 2003, which then propagated westward arriving at
the central Pacific in 2009. The baroclinic Rossby wave model
results explain the quasi-barotropic shift of stronger poleward mass
transport in the accumulated mass transport at approximately

175°E in 2009.
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15.

16.

In 2009, the “bowed gyre” circulation significantly modifies the
temperature and freshwater transports across 32°S in the Pacific
Ocean, yielding notable different estimations compared to the
“classic gyre” years. This is consistent with previous studies
indicating that Rossby waves forced by wind-stress curl changes
influence the local heat and freshwater content of the water column

in the South Pacific Ocean.

The contribution of a downwelling Rossby wave not only provides
a plausible explanation for the stronger poleward flow in the
accumulated mass transport at about 175°E, which gives rise to the
“bowed gyre” circulation pattern in 2009, but also for the
modification in the local amount of heat and freshwater content of

the water column north of 32°S in the Pacific Ocean in 2009.
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Appendix A. Inverse Box Models

The absolute geostrophic velocity (v,) for a given station pair, as a
function of depth (z), is the summation of the relative velocity (v) and the

velocity (b) at the reference level:
v,(2) =v(2)+b

The inverse model finds the optimal solution for b at each station

pair. Firstly, the mass conservation is applied to the entire water column:
Jf pvadS =0

[[p(v+b)dS =0 (A.1a,b,¢)
Q —
J=1 Zg=1Pjq(Vjq + bj)ajq = 0

where the area integral dS is over the entire section area, a;, is the area for
each station pair j and isoneutral layer q. In (A.1) and the next equations,
the term pj,vjq is first summed over each 2 dbar interval within layer q.
When mass transport is constrained to a particular non-zero value, M,

(A.1c) becomes:
J=1 Zf‘;=1 pja(viq +b;)ajg =M (A.1)

where M is the mass transport constraint including the Bering Imbalance,
and the limits for layers and station pairs are related to the constraint (Table
2.1 for Chapter 2, and Table 4.2 for Chapter 4). The total mass
conservation is not exact because of the noise from eddies, internal waves,

aliasing, measurements errors, etc.:
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1Zq 1p]q j ]q + Nrotal = 1Zq 1p]q jq jq + MTotal (A~2)
where nry¢q; 18 the noise.

The following equations are obtained considering mass

conservation in each layer q:
Y 1pjabiaiq + g = = XNy pjgViqtiq + Mg q=12,..,Q (A3)

where M, is the layer transport constraint and n, is the layer noise. Next,

this equation is written as:

j=iegbjtng=-y, q=12,..,0 (A.4)
where:
€iqa = Pja%q
Yg = Xj=1PjqVja%q — Mg (A.5)

The matrix equation is rewritten as:
Ab+n=-Y (A.6)

where b is a N x 1 vector of the unknowns (reference velocities and
adjustment of the Ekman transport), A is a (Q + 1) x N matrix, n is a
(Q +1)x 1 vector,and Y is a (Q + 1) x 1 vector of values calculated from
the CTD data and the externally imposed mass transports. (Q is for the
equations for each layer and the +1 is the equation for conservation of the

whole water column.)
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The Ekman transport is included in the first layer, leading to the

following system:

enn e 1 b V1 + T
€21 €n 0 :1 y.Z
€q+1,1 €q+1,n1 Ek Var1 + Tk

To solve this matrix, the Gauss-Markov estimator is applied

(Wunsch, 1996), as in Hernandez-Guerra and Talley (2016).

For the inverse model in Chapter 2, 15 different constraints are
applied corresponding to the mass conservation in each of the three
enclosed regions, as well as 12 additional mass transport constraints based
on previous studies of boundary currents and deep currents (listed in Table
2.1). For the inverse model in Chapter 4, 7 different constraints were
applied corresponding to the mass and silica conservation for the Pacific
Ocean, plus 5 additional mass transport constraints (to boundary currents

and deep currents) as detailed in Table 4.2.
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Appendix B. Data Availability Statement
Data Availability for Chapter 2:

The wind data were collected from NCEP Reanalysis Derived data
can be found at http://www.eslr.noaa.gov/psd/. Hydrographic data were
collected from the Carbon Hydrographic Data Office (CCHDO) website
in the frame of International WOCE and GO-SHIP projects

(https://cchdo.ucsd.edu/). The hydrographic data at 34.5°S were collected

during the expedition of the German Research Vessel Maria S. Merian
(MSM60) conducted in the summer of 2017 (Karstensen, 2020) can be
found at https://doi.org/10.1594/PANGAEA.915898. The hydrographic

data at 24°S were collected as part of the Ocean Regulation of Climate by
Heat and Carbon Sequestration and Transports (ORCHESTRA) program
funded by the UK Natural Environment Research Council (NERC, Grant
NE/N018095/1). ECCO data are available for download at
https://ecco.jpl.nasa.gov/. GLORYS data are available for download at

https://resources.marine.copernicus.eu/. The satellite altimetry data were

collected from the Aviso database (http://las.aviso.oceanobs.com).

Data Availability for Chapter 3:

Additional information on AX18-XBT data for each transect line

can be found at http:/www.aoml.noaa.gov/phod/hdenxbt/ax_home.php.

Other data sets used in this study are publicly available for download from
different websites. These include satellite altimetry data collected from the

Aviso database at http://las.aviso.oceanobs.com, Argo Climatology data

available at https://sio-argo.ucsd.edu/RG_Climatology.html which were

complemented using YoMaHa data accessible at

http://apdrec.soest.hawaii.edu/projects/'yomaha/, GLORYS data from
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https://resources.marine.copernicus.eu/, MOMG6-JRA data available at

https://www.gfdl.noaa.gov/mom-ocean-model/, MOM6-MERRA?2 output

by  Harrison (2022) is archived with an  associated

https://doi.org/10.5281/zenodo.6342240, and the 32 CMIP6 models’ data

can be found at https://esgf-node.lInl.gov/search/cmip6 (Bader et al.,
2019b, 2019a; Bentsen et al., 2019; Boucher et al., 2018; Cao & Wang,
2019; Danabasoglu, 2019b, 2019a; Dix et al., 2019; (EC-Earth), 2019,
2020; Guo et al., 2018; Hajima et al., 2019; Huang, 2019; Jungclaus et al.,
2019; Lee & Liang, 2020; Li, 2019; Lovato et al., 2021; Lovato & Peano,
2020; (NASA/GISS), 2018, 2019; Park & Shin, 2019; Ridley et al., 2019;
Seferian, 2018; Seland et al., 2019; Stouffer, 2019; Swart et al., 2019; Tang
et al., 2019; Tatebe & Watanabe, 2018; Voldoire, 2018; Wu et al., 2018;
Zhang et al., 2018; Ziehn et al., 2019)).

Data Availability for Chapter 4:

The wind data were collected from NCEP Reanalysis Derived data
(http://www.eslr.noaa.gov/psd/). Hydrographic data were collected from
the CCHDO website in the frame of International WOCE and GO-SHIP
projects  (https://cchdo.ucsd.edu/), as well as ADCP data

(https://currents.soest.hawaii.edu/go-ship/ladep_rst 2015-
2018/2017_P06_ancillary-data.html#ancillary-data-2017-p06). = ECCO

data are available for download at https://ecco.jpl.nasa.gov/. MOM data

are available at https://www.gfdl.noaa.gov/mom-ocean-model/. SOSE

data are available at http://sose.ucsd.edu. GLORYS data are available for

download at https://resources.marine.copernicus.cu/. The SSHA data were

collected from the Aviso database (http://las.aviso.oceanobs.com).
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Appendix D. Resumen en Castellano

D.1 Objetivos

En un contexto de cambio climatico, la Circulacion Meridional de
Retorno (MOC, por sus siglas en inglés, Meridional Overturning
Circulation) se espera que cambie significativamente, con el riesgo de
interrumpir la distribucion global de propiedades oceanicas que mantienen
los ecosistemas marinos, el ciclo del carbono y otras propiedades (Lee et
al., 2023; van Westen et al., 2024). Por esta razon, la estimacion de la
variabilidad de la MOC es crucial y puede llevarse a cabo a partir de
multiples fuentes. Esta investigacion, utilizando observaciones in situ y
datos de modelos numéricos, se centra en la variabilidad de la circulaciéon
a gran escala con el objetivo de entender la dindmica de la circulacion
oceanica en los océanos Atlantico Sur y Pacifico Sur en términos de
transportes de masa, calor y agua dulce, los cuales juegan un papel crucial

en los procesos climaticos globales.

Especificamente, el primer enfoque de esta tesis es describir la
circulaciéon oceédnica por encima de la Dorsal Mesoatlantica (MAR, por
sus siglas en inglés, Mid-Atlantic Ridge), utilizando un modelo inverso de
cajas para analizar datos de secciones hidrograficas junto con medidas de
velocidad. Nuestra motivacion es determinar el transporte de masa de la
corriente de Brasil que fluye hacia el sur y de la corriente de Benguela que
fluye hacia el noroeste, ambas en las capas superficiales e intermedias,
pero también estimar la ruta de retorno de las aguas frias en capas
profundas. Ademas, esta tesis tiene como objetivo estimar la intensidad de

la Circulacion Meridional de Retorno Atlantica (AMOC, por sus siglas en
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inglés, Atlantic Meridional Overturning Circulation) incluyendo los
transportes caracteristicos de calor y agua dulce en la cuenca subtropical

del Atlantico Sur.

En otro capitulo de esta tesis se describe el transporte de agua dulce
debido a la AMOC en el Océano Atlantico, especificamente en 34.5°S,
conocido como M,,, que se considera una herramienta importante para
determinar la estabilidad de la AMOC. Para ello se analizan multiples
series de datos: batiTermografo eXpendible (XBT), boyas Argo, Modelos
Oceanicos de Circulacion General (OGCM) y Modelos Acoplados de
Circulacion General (CGCM). Por lo tanto, el segundo objetivo de esta
tesis estd dedicado a describir la estabilidad de la AMOC a través de la
estimacion del M,, usando observaciones para proporcionar un analisis
actualizado del estudio realizado por Garzoli et al. (2013). Ademas, se
comparan estos resultados con multiples series de datos de observaciones
y modelos, con el objetivo de destacar y explicar las diferencias entre ellos.
Concretamente se analiza el sesgo de salinidad en los modelos acoplados.
Estos modelos numéricos acoplados se utilizan para estimar las
proyecciones de la AMOC vy, asi, informar a los grupos de analisis de
riesgo del Grupo Intergubernamental de Expertos sobre el Cambio
Climatico (IPCC, por sus siglas en inglés, Intergovernmental Panel on

Climate Change).

Esta tesis, ademas, pretende describir la circulacion horizontal y
meridional del Océano Pacifico Sur, empleando un modelo inverso de caja
usando datos hidrograficos y de velocidad en 1992 y 2017 para
complementar el estudio previamente publicado por Hernandez-Guerra y
Talley (2016) para las secciones realizadas en 2003 y 2009. También se

emplea un modelo lineal de ondas de Rossby que incorpora la variabilidad
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del estrés del viento y las respuestas ocednicas forzadas por los cambios
en las anomalias de altura de la superficie del mar (SSHA, por sus siglas
en inglés, Sea Surface Height Anomalies) a lo largo de la region del
Pacifico Sur. En este capitulo, intentamos describir los dos patrones de
circulacion en esta region utilizando datos hidrograficos de cuatro afios
diferentes (1992, 2003, 2009 y 2017), asi como estimar la intensidad de la
la Circulacién Meridional de Retorno del Pacifico (PMOC, por sus siglas
en inglés, Pacific Meridional Overturning Circulation) en esta cuenca, sus
transportes asociados de calor y agua dulce, y el forzamiento dindmico que

causa el cambio en la circulacion oceanica.

En resumen, esta tesis pretende no solo hacer contribuciones
significativas en el campo de la oceanografia fisica mediante la
descripcion de la dindmica de los océanos Atlantico Sur y Pacifico Sur
utilizando tanto observaciones como resultados de modelos numéricos,
sino también proporcionar ideas practicas para predecir la variabilidad

climatica y mejorar los informes del IPCC.

D.2 Esquema de la tesis

Esta tesis presenta los resultados de tres estudios realizados en el
hemisferio sur, centrados en los procesos dindmicos dentro de las regiones
de los océanos Atlantico Sur y Pacifico Sur. Los estudios incluyen un
analisis de la circulacion del Océano Atlantico Sur utilizando un modelo
inverso de caja, un andlisis del transporte de agua dulce por la AMOC
empleando multiples conjuntos de datos, y un segundo modelo inverso de
caja que utiliza tres décadas de datos in situ combinados con datos de
vientos y altimetria para analizar la circulacion del Océano Pacifico Sur.

Esta tesis estd organizada en tres capitulos principales, cada uno de los
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cuales incluye una introduccion, una seccion detallada sobre los datos y la
metodologia utilizada, una presentacion de los resultados, una discusion
en profundidad y las conclusiones. La tesis finaliza con un capitulo de
conclusiones generales, que resume los principales resultados de esta

investigacion.

El capitulo 2 utiliza un modelo inverso de cajas para examinar la
circulacion esquematica del Océano Atlantico Sur entre 34,5°S, 24°S y por
encima de la Dorsal Mesoatlantica. Publicado en el Journal of Geophysical
Research: Oceans (Arumi-Planas et al., 2023), este estudio describe la
circulacion horizontal y meridional del océano Atlantico Sur utilizando
datos de secciones hidrograficas, asi como analiza los transportes de masa,

calor y agua dulce en la region.

El capitulo 3 se centra en examinar el transporte de agua dulce
debido a la AMOC en 34,5°S basandose en observaciones XBT. Estos
resultados se comparan con conjuntos de datos de boyas Argo, OGCMs y
CGCMs. Ademas, este capitulo cuantifica los transportes meridionales de
masa y calor, la correlacion entre ellos y su variabilidad interanual y
estacional. Este capitulo también se encuentra publicado en el Journal of

Geophysical Research: Oceans (Arumi-Planas et al., 2024).

El capitulo 4 estudia la circulacion del Pacifico Sur utilizando un
modelo inverso de caja y se encuentra publicado en Progress in
Oceanography (Arumi-Planas et al. 2022). En este capitulo se identifican
dos patrones de circulacion diferentes basados en datos hidrograficos
recogidos a en cuatro afios diferentes y se analizan los transportes de masa,
calor y agua dulce. Ademas, se utilizan datos del estrés del viento y

anomalias de altura de la superficie del mar para explicar las diferencias
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observadas en los patrones de circulacion utilizando un modelo lineal de

ondas de Rossby.

Por ultimo, el capitulo 5 ofrece un resumen general y destaca las

principales conclusiones de la tesis doctoral.

D.3 Conclusiones generales

En resumen, esta tesis ha logrado una comprension exhaustiva de
la circulacion en el Atlantico Sur sobre la MAR en términos de transporte
de masa, calor y agua dulce mediante el empleo de un modelo inverso de
caja utilizando datos de secciones hidrograficas. Ademas, a través de un
andlisis intensivo de multiples conjuntos de datos, esta tesis describe el
transporte de agua dulce por la AMOC a 34,5°S, denominado M,,, que es
un indicador de la estabilidad de la AMOC. Esta tesis sefiala las diferencias
en el signo del M,, entre los datos observacionales y las estimaciones de
los modelos numéricos. Ademas, un modelo inverso de caja aplicado a los
datos hidrograficos del Océano Pacifico Sur nos ha permitido describir dos
patrones de circulacion horizontal a lo largo de cuatro afos, identificando
un “giro arqueado” en 2009 y un “giro clasico” en 1992, 2003 y 2017. Un
modelo lineal de ondas de Rossby, que incluye la variabilidad del estrés
del viendo y las respuestas forzadas por los cambios en la anomalia de la
altura de la superficie del mar a lo largo de la region del Pacifico Sur,
demuestra que es la contribucion de una onda de Rossby la que explica las
diferencias en los transportes de masa, calor y agua dulce durante el afio
caracterizado por el “giro arqueado”. Asi pues, esta tesis mejora nuestra
comprension de la compleja circulacion ocednica en el Atlantico Sur y

Pacifico Sur.
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Conclusiones originadas en el capitulo 2:

En primer lugar, nuestro modelo inverso de caja ha proporcionado

una vision detallada de la circulacion en el Atlantico Sur mediante la

estimacion de los diferentes transportes de corrientes oceanicas en cada

conjunto de capas a través de 24°S y 34.5°S, asi como sobre el MAR en

10°W. Los principales resultados de este estudio son:

1.

Los transportes en las capas superiores son consistentes con el
curso del giro anticiclonico del Atlantico Sur subtropical y la ruta

noroeste de la Corriente de Benguela.

Las aguas profundas muestran el flujo hacia el sur de la Corriente
Profunda de Contorno Occidental (DWBC, por sus siglas en inglés,
Deep Western Boundary Current) y la Corriente profunda de
Contorno Oriental (DEBC, por sus siglas en inglés, Deep Eastern
Boundary Current), junto con un flujo entre cuentas hacia el este
en las estaciones situadas mas al norte (cerca de 24°S) de la seccion
10°W, y diferentes rutas de recirculacion que enlazan ambas

cuencas.

Las capas abisales presentan transportes de masa hacia el norte a
través de las cuencas de Argentina y del Cabo, antes de que la

ultima regrese hacia el sur en el interior del océano.

Existe un transporte de calor hacia el norte a través del Océano

Atlantico Sur subtropical.

En esta region de estudio, la evaporacion domina sobre la

precipitacion.
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Conclusiones originadas en el capitulo 3:

En segundo lugar, los multiples conjuntos de datos utilizados para
estimar el transporte de agua dulce debido a la AMOC, denominado M.,
mejora nuestra comprension de la variabilidad del M,, y de su impacto en
el sistema climatico global. Los principales resultados de este trabajo son

los siguientes:

6. Los datos observacionales, de modelos ocednicos y de algunos
modelos climaticos acoplados considerados en esta tesis sugieren
un régimen biestable de la circulacion meridional de retorno segin
un modelo conceptual simple y un modelo de circulacion global

(Rahmstorf, 1996).

7. Las diferentes estructuras del perfil de salinidad para los modelos
CMIP6 (modelos climaticos acoplados) con una media de M,,
positiva indican que el sesgo de salinidad puede ser el responsable
del signo opuesto del M,,. Concretamente, los modelos acoplados
con valores de M,, positivos muestran aguas superficiales mas
dulces y aguas profundas mas saladas en comparacién con los
modelos acoplados con valores de M,, negativos. Por lo tanto,
enfatizamos la necesidad de refinar las representaciones de los
modelos CMIP6, especificamente el sesgo de salinidad, para
mejorar la fiabilidad de las proyecciones de AMOC en los modelos
CMIP6, especialmente dadas las importantes implicaciones para

los andlisis de riesgo del IPCC.

8. La variabilidad estacional de los conjuntos de datos proporciona
una estimacion coherente de la variabilidad y correlacion de los

flujos meridionales del Atlantico Sur en 34.5°S: el M,, esta
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positivamente correlacionado en magnitud con la MOC vy el
Transporte Meridional de Calor (MHT, por sus siglas en inglés,
Meridional Heat Transport), mientras que la MOC esta
positivamente correlacionada con el MHT, presentando valores
mas negativos de M,, y transportes mas positivos de MOC/MHT

de abril a agosto.

Conclusiones originadas en el capitulo 4:

Por ultimo, nuestro segundo modelo inverso de caja ha revelado

dos patrones diferentes de circulacion horizontal mediante el analisis

de datos hidrograficos de 1992, 2003, 2009 y 2017 en 32°S en el

Océano Pacifico. Las principales conclusiones son las siguientes:

9.

10.

11.

El patron de circulacion del “giro clasico”, caracterizado por una
forma mas zonal y regular, difiere notablemente de la forma del

“giro arqueado” encontrada en 2009.

La MOC del Pacifico muestra patrones similares en todos los afos
analizados, siendo la intensidad de la MOC del “giro arqueado” en
2009 (-11,6 + 8,0 Sv) mas débil pero no significativamente
diferente a la intensidad de los afios correspondientes al “giro
clasico™: 1992 (-19,9 + 7,4 Sv), 2003 (-15,5 + 7,9 Sv) y 2017 (-
18,4 + 2,4 Sv).

A pesar de las notables diferencias en los patrones de circulacion
mostrados en los tres grupos de capas del transporte de masa
acumulado, en los que el hundimiento causa un fuerte transporte
de masa hacia el sur desde la superficie hasta el fondo del océano
en 175°E, el cual es compensado por un flujo hacia el norte a través

del Pacifico oriental en 140°W, el transporte acumulado de masa
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12.

13.

14.

15.

neto se mantiene constante en todos los grupos de capas de

densidad neutra y a lo largo de los diferentes afios.

Ninguno de los modelos numéricos oceanicos (ECCO, MOM,
SOSE y GLORYS) capta el hundimiento del “giro arqueado”
observado en 2009. En consecuencia, no podemos saber si el
patron de circulacion del “giro arqueado” en 30°S en el Océano

Pacifico se ha repetido en alguna otra ocasion.

Los cambios en la SSHA en 1992 estan asociados a perturbaciones
a gran escala de 10-15 cm de amplitud, que se propagan hacia el
oeste a unos 3 cm/s, similares a las velocidades de propagacion de
las ondas baroclinicas de Rossby. Estas perturbaciones se originan
en el Pacifico oriental y presentan discontinuidades a lo largo de
sus trayectorias de propagacion hacia el oeste. En este
comportamiento influyen factores como la batimetria, las
condiciones atmosféricas y los estados oceénicos, asi como el

forzamiento inicial del viento que genera las ondas de Rossby.

Una onda de Rossby de hundimiento causé una SSHA mas baja
cerca de la Dorsal del Pacifico Oriental en 2003, que luego se
propagd hacia el oeste llegando al Pacifico central en 2009. Los
resultados del modelo baroclinico de ondas de Rossby explican el
hundimiento casi barotrdpico del transporte horizontal de masa
acumulado (mas intenso hacia el sur) aproximadamente en 175°E

en 2009.

En 2009, la circulacion del “giro arqueado” modifica signifi-
cativamente los transportes de temperatura y de agua dulce a través

de 32°S en el Océano Pacifico, dando lugar a estimaciones
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16.

notablemente diferentes en comparacion con los afios del “giro
clasico”. Esto esta de acuerdo con estudios anteriores que indican
que las ondas de Rossby forzadas por cambios en el estrés del
viento influyen en el contenido local de calor y agua dulce de la

columna de agua en el Océano Pacifico Sur.

La contribucién de las ondas de Rossby de hundimiento no sélo
proporciona una explicacion plausible para el flujo mas intenso
hacia el sur en el transporte acumulado de masa en torno a 175°E,
que da lugar al patrén de circulacion del “giro arqueado” en 2009,
sino también para la modificacion en la cantidad local de calor y
contenido de agua dulce de la columna de agua al norte de 32°S en

el Océano Pacifico en 2009.
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