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Abstract

The Atlantic Meridional Overturning Circulation (AMOC) is a key contributor in the
climate system, transporting warm waters northwards throughout the Atlantic to com-
pensate for the southward export of cold North Atlantic deep waters. However, ob-
serving the AMOC is inherently challenging due its long timescales and large spatial
extent, which requires the use of time-evolving, three-dimensional model products to
assess the ocean circulation, including: free-running models (FRMs), ocean reanalyses
(ORAs) and coupled climate simulations.

In the first and second chapters of this thesis, we show that the present ocean
observation network and data assimilation schemes can be used to consistently constrain
the ORA interior circulation in both structure and strength throughout the South
Atlantic, which is improved with respect to the FRMs. This is in striking contrast with
the large disagreement found in the ORA AMOCs, which is traced back to transport
discrepancies in the South Atlantic western boundary currents at both upper and deep
levels, explaining up to 85% of the ORA spread in the meridional heat transports. This
will likely limit the effectiveness of ORAs for climate or decadal prediction studies.

Using the same FRMs and ORAs with realistic salinities but quite different AMOCs,
we show in the third chapter that the fresh Antarctic Intermediate Water layer elimi-
nates salinity differences across the AMOC branches at ~1200 m, which decouples the
overturning freshwater transport F,, from the AMOC south of ~10°N. In the South
Atlantic the 0-300 m zonal salinity contrasts control the gyre freshwater transports
Fyyre, which also determine the total freshwater transports. This decoupling makes
the southern F, unlikely to play any role in AMOC stability, leaving indirect Fjy,.
feedbacks or Fj, in the north, as more relevant factors.

In the fourth chapter of this thesis, the internal variability of 10 pre-industrial
coupled simulations are used to show that coupled climate systems are governed by

different dynamics and contain feedbacks not captured by the box-models. The spatio-



temporal variability of the Atlantic freshwater budgets reveals that the influence of
F,, at 34°S in explaining freshwater content (FWC) changes is restricted to the South
Atlantic and is always smaller than the influence of Fy,,. at 34°S. This consistently
refutes the main salt-advection feedback mechanism, which states that F,, at 34°S is
the main driver of meridional FWC perturbations.

These results represent a substantial step in improving the understanding of the
AMOC stability and have an important impact on climate modelling, since FRMs,
ORAs and climate models refute box-model theories of AMOC bi-stability and sug-
gest that other climate feedbacks associated with Fy,.. and the atmosphere will likely

dominate those associated with Fj,, throughout the South Atlantic.
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CHAPTER 1

INTRODUCTION

This introductory chapter reviews the current state of the literature about the Atlantic
Meridional Overturning Circulation (AMOC) and sets the motivations for the thesis
questions and goals. The literature review includes discussions about the ocean circula-
tion and its role in climate in Section 1.1. The observations and modelling approaches
to assess the AMOC are discussed in Section 1.2. Time variability and mechanisms
involved in the AMOC transports are addressed in Section 1.3. A focus on the South
Atlantic circulation is given in Section 1.4, and discussions about the AMOC stability
are addressed in Section 1.5. After contextualising the relevant scientific topics of this

research, the thesis goals and outline are presented in Section 1.6 and 1.7, respectively.

1.1 Ocean circulation and its role on the climate

The ultimate source of energy that drives the climate system is the radiation from
the Sun. Approximately 30% of the incoming solar radiation is immediately reflected
back into space by clouds, the atmosphere, and the Earth’s surface; about 20% is
directly absorbed by the atmosphere and the final 50% warms the Earth’s surface:

the land and the ocean (Kiehl and Trenberth, 1997). However, the Sun’s energy is
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distributed unevenly over the Earth’s surface, with equatorial areas receiving more
solar energy and absorbing more heat than areas near the poles. Both ocean currents
and atmospheric circulations act to balance this unequal heat absorption by the Earth’s
surface, transporting heat from the equator to higher latitudes (Clarke et al., 2001). As
well as the ocean’s ability to transport heat and freshwater over a wide range of time
and space scales, it is also able to store and release significant amounts of heat over
long periods of time without a large increase in its temperature. A simple indication
of this is the fact that 3 m of seawater has roughly the same heat capacity as the
whole atmospheric column above it (Gill, 1982), which gives the ocean a central role
in moderating Earth’s climate.

The ocean circulation is driven by air-sea fluxes of momentum, heat and freshwater.
The resulting circulation is thus intimately coupled to the atmosphere. For example,
as the winds blow above the ocean’s surface, the near surface ocean layer moves as a
result of the combined effect of wind frictional forces transferring momentum, and the
Coriolis force, leading to an Ekman transport. This mechanism drives a net transport
of water that is perpendicular to the wind (to the right in the northern Hemisphere
and left in the southern Hemisphere), a pattern by which the major ocean gyres are
developed (FEkman, 1905). As surface waters are displaced meridionally, the Ekman
transport results in areas of convergence and divergence that lead, respectively, to:
downwelling (i.e. sinking of surface waters) in the center of subtropical gyres and
upwelling (i.e. upward motion of interior waters) in the center of subpolar gyres. The
water moving meridionally in the gyres also circulates back to its initial latitude within
narrow and intense western boundary currents, characterized by baroclinic jets carrying
warm waters to higher latitudes (Sverdrup, 1947).

Superimposed on the shallow wind-driven circulation, a much deeper ocean circula-
tion acts on longer timescales. This component of the circulation is sometimes referred
to as thermohaline circulation, due to its dependence on changes in temperature and

salinity, both of which regulate the buoyancy of water parcels (Clarke et al., 2001).
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When a water parcel cools or becomes saltier, its density increases resulting in a buoy-
ancy loss and favoring its sinking to greater depths. Buoyancy loss occurs primarily at
polar latitudes, where heat loss to the atmosphere and salt rejection from the sea ice
formation lead to the sinking of cold, dense water masses (Marshall and Schott, 1999;
Kuhlbrodt et al., 2007). This deep convection of water masses links the surface and
deep oceans, and sets the deep ocean properties. As these deep waters flow throughout
the oceans, they gradually become less dense due to mixing with warmer waters from
above and eventually return to the surface in wind-driven and mixing upwelling regions
(Kuhlbrodt et al., 2007). With respect to the wind-driven regions, the strong westerly
winds in the southern ocean are argued to play a key role in enabling the upwelling of
deep water masses (Marshall and Speer, 2012).

The combined effects of wind and density-driven ocean circulations develop the
major pathways of a global meridional overturning circulation (MOC), characterized
by a large-scale system of surface and deep currents transporting water, heat and salt
all around the globe (Fig. 1.1; Kuhlbrodt et al., 2007). The ocean basins show different
MOC strengths and patterns, which are dependent on the deep water formation. For
example, there is no deep water formation in the North Pacific as the sea surface
salinity (SSS) is too low for sinking to occur (Warren, 1983). Therefore the Pacific
Ocean is mainly ventilated from the south, while its MOC is primarily dominated by
shallow wind-driven circulations (Zhang and McPhaden, 2006; Ferreira et al., 2018;
Lee et al., 2019). Unlike the North Pacific, the MOC in the North Atlantic has two
well-established convection sites in the Labrador and Nordic seas as a result of the
North Atlantic’s denser waters, explained by their larger SSSs (Marshall and Schott,
1999; Straneo, 2006). Therefore, the AMOC exports a dense and cold North Atlantic
Deep Water (NADW) to the southern ocean, which is compensated by an upper warm
branch flowing towards the northern Atlantic.

Due to the northward meridional heat transport (MHT) by the AMOC upper

branch, the regions surrounding the subpolar North Atlantic have a warmer climate
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==  Surface flow ® Wind-driven upwelling L Labrador Sea
=== Deep flow (=) Mixing-driven upwelling N Nordic Seas

=== Bottom flow Salinity > 36 %o w Weddell Sea
< Deep Water Formation Salinity < 34 %o R Ross Sea

Figure 1.1: Simplified schematic of the Global MOC extracted from Kuhlbrodt et al.
(2007). The arrows indicate the direction of the surface, deep and bottom flows. Green
(blue) shaded areas represent saltier (fresher) surface waters. ACC corresponds to
Antarctic Circumpolar Current.

than other regions at similar latitudes (Clarke et al., 2001). For example, several mod-
elling studies have shown that an AMOC slowdown can impact the climate on both
regional and global scales. An AMOC weakening could lead to: a surface air tempera-
ture cooling of up to 8°C in the North Atlantic (e.g. Vellinga and Wood, 2002; Laurian
et al., 2009; Jackson et al., 2015), a strengthening of the North Atlantic storm track
(e.g. Zappa et al., 2013; Jackson et al., 2015), changes in precipitation patterns due to
a southward shift of the Intertropical Convergence Zone (ITCZ), and weakened Indian
and Asian summer monsoons (e.g. Manabe and Stouffer, 1993; Zhang and Delworth,
2005; Broccoli et al., 2006).

Because of its role in transporting heat throughout the Atlantic, the AMOC decadal
variations have been suggested to affect the low-frequency variability of the North
Atlantic sea surface temperatures (SSTs), influencing the decadal SST warming/cooling

cycles defined as the Atlantic Multidecadal Variability (Latif et al., 2003; Knight et al.,
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2005; Delworth et al., 2007). On much longer time scales, the AMOC-related ocean
transport variations have also been invoked to play a key role in the anti-phase changes
in the Antarctic and Arctic climates, known as the bipolar seesaw (Broecker, 1998;
Pedro et al., 2011), as well as in paleoclimate shifts (Broecker, 1998, 2003).

The sinking of NADW plays an important role in sequestering heat and anthro-
pogenic carbon into the deep ocean and therefore the AMOC is suggested to be a key
element in moderating climate changes (Kostov et al., 2014). It has also been proposed
that variations in the MOC and its subsequent impacts on ocean heat uptake may ex-
plain the 1998-2012 hiatus in global mean surface warming. This is argued to be related
to the intensification of the shallow overturning cells in the Pacific (Balmaseda et al.,
2013b; England et al., 2014), changes in the NADW formation rates and upwelling in
the southern ocean (Chen and Tung, 2014; Drijfhout et al., 2014).

1.2 Assessing the ocean circulation

Although the AMOC dynamics are extremely important for the Earth’s climate, re-
flecting a complex interplay between wind and buoyancy driven flows, as well as eddies
and mixing, they are not yet fully understood. According to Buckley and Marshall
(2016), several AMOC topics still need to be better investigated, for example: the
AMOC transports, their modes of variability and meridional coherence; the influence
of meridional freshwater transports on the AMOC stability; and the relationship be-
tween interior pathways, boundary currents and the AMOC. Addressing these issues
becomes even harder since observing the AMOC is inherently challenging due its long
timescales and large spatial extent. This situation has been improved with the im-
plementation of trans-basin observing systems, such as: the Rapid Climate Change
(RAPID) array at 26.5°N in the Atlantic, since 2004 (Cunningham et al., 2007); the
South Atlantic Meridional Overturning Basin-Wide Array (SAMBA) at 35°S deployed

in 2014 (Ansorge et al., 2014); and the Overturning in the Subpolar North Atlantic
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Program (OSNAP) array at ~60°N, also launched in 2014 (Lozier et al., 2019). Al-
though these overturning arrays are able to continuously measure AMOC transports,
they are too sparse and have only 15 years of observational records so far.

Model products, such as free-running models (FRMs), ocean reanalyses (ORAs)
and coupled climate simulations are now commonly used to investigate the AMOC in
conjunction with the overturning arrays, since they provide complete, time-evolving
descriptions of the three-dimensional ocean circulation. The FRMs are defined here as
historical ocean model runs forced with observational estimates of atmospheric forcing,
typically from atmospheric reanalyses. Compared to the FRMs, the ORAs additionally
employ data assimilation (DA) methods to constrain the ocean model with historical
ocean observations (Balmaseda et al., 2015). Generally, the observational data consist
of temperature and salinity profiles of the ocean (e.g. Argo floats) in combination with
sea level (e.g. from satellite altimeters), sea surface temperature and sea ice concen-
tration (e.g. from satellite microwave radiometers). In the ORAs, atmospheric forcing
combined with DA dynamically extrapolates the observational information into regions
lacking observations. This makes ocean reanalyses potentially useful products to as-
sess the transports and change indicators, particularly in regions where the ocean still
remains under-sampled and observational data correspond to short periods of limited
coverage (e.g. Zuo et al., 2011; Masina et al., 2015; Uotila et al., 2019).

ORAs have also been able to properly capture climate signals in the temporal evo-
lution of the global ocean heat content, showing a dominant warming trend of the deep
ocean (i.e. below 700 m) in the last two decades, which is consistent with observational
estimates (Balmaseda et al., 2013b). Similarly, Palmer et al. (2015) showed that many
ORAs had consistent ocean heat content trends as a function of depth, including a
consistent warming below 700 m. In terms of circulation, Jackson et al. (2016) showed,
based on a single ORA result, that the 2004-2014 AMOC decline seen in the RAPID
transports was actually a recovery from an earlier AMOC strengthening, regulated by

the southward propagation of decadal density anomalies from the Labrador Sea. The
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findings in Jackson et al. (2016) were based upon the ORA’s ability to reproduce the

interannual variability and decadal trends of the AMOC at 26.5°N, when compared to

the observed RAPID transports, which were not assimilated (Fig. 1.2)

AMOC anomalies (26.5° N)

Sv
o
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2005
Year
AMOC - Ekman anomalies (26.5° N)
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-8
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2000 2005

Year

2010

2015

Figure 1.2: Time series of the (a) total AMOC transport anomalies (Sv) and (b)
geostrophic AMOC transport anomalies (Sv) at 26.5°N, comparing GloSea5 product
(black) with observations from the RAPID array (red). Extracted from Jackson et al.

(2016).

Contrasting this with previous ORA studies, Karspeck et al. (2015) looked at long

ORA simulations starting before 1960 and found a substantial disagreement in the ORA

AMOCs within these early observation-sparse periods. ORA AMOC trends in Karspeck
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et al. (2015) were less consistent with each other than those from corresponding FRMs,
indicating that AMOC estimates could be sensitive to assimilation techniques. Masina
et al. (2015) and Palmer et al. (2015) however show that ORAs are more likely to agree
in more recent time periods, particularly after satellite measurements and Argo floats
became available in 1992 and 2000, respectively.

In addition to FRMs and ORAs, the use of coupled climate models can provide
AMOC time series over hundreds of years allowing investigation of the multidecadal
variability and meridional coherence of the AMOC transports (e.g. Danabasoglu, 2008;
Danabasoglu et al., 2012; Robson et al., 2012). Unlike ocean only experiments with
FRMs and ORAs, these coupled models capture coupled feedbacks in the climate sys-
tem, given their ocean-atmosphere mutual interactions (e.g. Yin and Stouffer, 2007;
Mecking et al., 2016). However, they are only constrained by observed (or projected)
external forcing, which results in large mean state biases (Jackson, 2013; Liu et al.,
2017; Mecking et al., 2017). Furthermore, due to very high computational costs of
running long coupled simulations, these climate models currently have much lower
horizontal and vertical resolutions than the FRMs and ORAs (Taylor et al., 2012).
These models also have difficulty in representing the depth of the AMOC and its mean
strength, as the AMOC appears to be sensitive to model details, such as resolution,
overflow parameterizations and parameterized mesoscale eddy fluxes. The maximum
AMOC in coupled models can occur at latitudes between 20°N and 60°N, and ranging
from 13 to 31 Sv (Kostov et al., 2014). Even with these limitations, the new generation
of coupled models has been extensively used to investigate potential feedbacks in the
atmosphere and in the ocean, and how they influence AMOC transports on a range of

timescales (Yin and Stouffer, 2007; Mecking et al., 2016; Liu et al., 2017; Gent, 2018).
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1.3 AMOC variability and buoyancy anomalies

The nature of the AMOC variability strongly depends on the timescale. Both mod-
els and observations agree that the AMOC variability on intra-annual to internannual
timescales is primarily the local response to wind variations, due to the Ekman compo-
nent of the transports (Hirschi et al., 2007; Rayner et al., 2011; Roberts et al., 2013).
For example, ocean models driven by observed winds can reproduce almost 80% of the
observed AMOC and heat transport variability by the RAPID array on intra-annual
timescales (Roberts et al., 2013), reinforcing the short response of the upper ocean
stratification to wind changes.

From interannual to decadal timescales, the geostrophic component is argued to
dominate the AMOC variability, reflecting the role played by the east-west density
contrasts across the basin (Hirschi et al., 2007; Cabanes et al., 2008). Both observations
(Bryden et al., 2009), FRMs (Buckley et al., 2012) and ORAs (Cabanes et al., 2008)
show that buoyancy anomalies along the western boundary have a larger contribution
than those on the eastern boundary to determine the geostrophic variability of the
AMOC in the North Atlantic. This is consistent with Bingham and Hughes (2009),
who demonstrate that the interannual geostrophic AMOC variability in two ocean
models could be largely reproduced using only local density changes on the western
boundary slope. However, the observed transports by pilot boundary arrays at 35°S,
prior to SAMBA array, show a dual influence of the buoyancy anomalies between the
western and eastern boundaries, which have approximately equal contributions to the
AMOC variability (Meinen et al., 2013).

Since the AMOC-observing arrays are too sparse and so far are only approximately
a decade long, the space and time evolving AMOC in ocean models are mainly used
to investigate the connection of the AMOC anomalies throughout the basin. The
meridional coherence of the AMOC is mainly driven by the wind field on intra-annual

timescales (Hirschi et al., 2007; Cabanes et al., 2008; Wunsch and Heimbach, 2013).
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However, on decadal and longer time-scales the models show increasing meridional co-
herence of their AMOCs and MHTs (Knight et al., 2005; Danabasoglu, 2008; Msadek
and Frankignoul, 2009; Danabasoglu et al., 2012), which is likely to be driven by the
meridional propagation of the buoyancy anomalies on the boundaries (Bdning et al.,
2006; Biastoch et al., 2008b; Danabasoglu, 2008; Buckley et al., 2012; Robson et al.,
2012). Two possible approaches have been proposed for understanding the meridional
propagation of buoyancy anomalies: through advection in the Deep Western Boundary
Current (DWBC) or interior pathways slowing transporting buoyancy anomalies; or
through the fast propagation of anomalies by boundary waves, which balance the Cori-
olis force against a topographic boundary, such as a coastline (Johnson and Marshall,
2002). The relative importance of advection and boundary wave propagation on the
buoyancy (hence AMOC) anomalies at different latitudes is not robust across ocean
models. In some models, significant time lags are found between the AMOC anomalies
in the North Atlantic subpolar gyre and subtropical regions, suggesting a role of advec-
tion (e.g. Zhang, 2010; Buckley et al., 2012; Jackson et al., 2016), but other modelling
studies show a communication of buoyancy anomalies via boundary waves (Biastoch
et al., 2008a).

Several mechanisms have been identified as contributing sources of northern buoy-
ancy anomalies, for example: local atmospheric forcing and its influence on the SSTs
(e.g. Buckley et al., 2014); shifts in the Gulf Stream paths leading to large temperature
anomalies along its front (e.g. Joyce and Zhang, 2015); changes in deep convection and
water mass formation (e.g. Zhang, 2010); shifts in the salinity of the North Atlantic
subpolar gyre due to its interaction with the wind forcing and the subtropical gyre
(e.g. Holliday, 2003); and advection of buoyancy anomalies by the mean currents (e.g.
Cabanes et al., 2008; Buckley et al., 2012).

AMOC anomalies in the North Atlantic may also originate in the South Atlantic
as the circulation acts as a communicator between the southern and northern oceans

(Garzoli and Matano, 2011). For example, employing a two-way nesting system with

10
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an eddy-resolving ocean model in the Agulhas region, Biastoch et al. (2008a) found that
the Agulhas leakage affects the decadal AMOC variability. This remote connection was
explained by the following mechanism: low-frequency oscillations in the thermocline
depth, induced by decadal variations of the Agulhas leakage regime, travel as Rossby
waves across the South Atlantic and subsequently as coastal Kelvin waves along the
western boundary into the North Atlantic. This is consistent with the advective transit
time of 4-40 years, given by surface drifters and Lagrangian high-resolution model
data, to travel from the Agulhas leakage to the northern Atlantic (Sebille et al., 2011).
The longest transit time trajectories were associated with convergence and subduction
within the subtropical gyres.

Sebille et al. (2011) also show that almost all trajectories crossing the equatorial
Atlantic are within the North Brazil Current (NBC), which originates in the tropical
South Atlantic western boundary (Silveira et al., 1994). Multidecadal NBC transport
variability has been suggested to be a useful indicator of basin-scale AMOC variations
(e.g. Zhang et al., 2011; Riihs et al., 2015). Using historical western boundary ob-
servations off the Brazilian coast and 700 years of a climate model simulation, Zhang
et al. (2011) demonstrate that NBC variability influences Labrador Sea deep convec-
tion within a lag of a few years. The multidecadal NBC time series from Zhang et al.
(2011) is also coherent with the Atlantic Multidecadal Oscillation SST patterns, which
have already been linked to AMOC variations. The features of the South Atlantic

circulation, including the NBC, are better described in the next Section.

1.4 South Atlantic MOC

As seen in Fig. 1.1, the South Atlantic MOC (SAMOC) is represented by an upper,
warm branch flowing north towards the equator and a deep, cold branch flowing south
towards the pole, resulting in a distinct net heat transport up the large-scale tem-

perature gradient. Therefore, the Atlantic MHT is northward in both hemispheres,

11
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rather than poleward as in the Indo-Pacific ocean (Trenberth and Caron, 2001), with
important implications for the cross-equatorial global heat transports. For example,
recent studies argue that Atlantic heat transports play a key role in setting the mean
ITCZ position north of the equator (Frierson et al., 2013; Marshall et al., 2013), high-
lighted by Fig. 1.3. The hemispheric net radiative forcing of climate at the top of the
atmosphere is nearly symmetric about the equator, thus the total (atmosphere plus
ocean) equatorial heat transport is small, around 0.2 PW (Trenberth and Caron, 2001;
Marshall et al., 2013; Voigt et al., 2013). However, due to the SAMOC, the global
ocean carries more heat northwards across the equator, around 0.4 PW, than the cou-
pled system does. First, this results in a southward equatorial atmospheric transport
to compensate for the ocean heat transports, which displaces the mean ITCZ position
north of the equator. Second, both the ocean and the atmosphere are slightly warmer
(by ~2°C) in the northern than in the southern hemisphere (Feulner et al., 2013; Mar-
shall et al., 2013). As a result, the northern hemisphere emits slightly more outgoing
longwave radiation than the southern hemisphere, supporting the small northward heat
transport by the coupled system across the equator (Marshall et al., 2013; Kang et al.,
2014).

Fig. 1.4 shows that the SAMOC upper branch is a complex mixture of waters
originating from the Indian, Pacific and southern oceans. Observations (e.g. Sloyan
and Rintoul, 2001) and models (e.g. Garzoli and Matano, 2011) demonstrate that
the South Atlantic is an active conduit of water masses. Garzoli and Matano (2011)
reveal that water mass transformations occur all across the basin, but are particularly
strong in areas of high mesoscale variability, such as in the Agulhas leakage and in the
confluence between the Brazil current (BC) and Malvinas current (MC). The water
mass properties exported by the South Atlantic are argued to influence the long-term
AMOC variability, particularly on decadal timescales through the heat and salt export
by the Agulhas leakage ( Weijer et al., 2002; Biastoch et al., 2008a; Dong et al., 2011b;
Sebille et al., 2011).

12
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Figure 1.3: Schematic extracted from Marshall et al. (2013) showing the global heat
transports (PW) across the equator. OHTrq, AHTEq and total HTgq are the ocean,
atmospheric and total heat transports across the equator. The numbers are estimates
obtained in Marshall et al. (2013) from observational reanalysis and satellite data.

The southern Atlantic is bordered by the Antarctic Circumpolar Current (ACC).
According to Gnanadesikan (1999), Kuhlbrodt et al. (2007) and Marshall and Speer
(2012), some of the NADW returns adiabatically to the surface along the ACC path
where strong westerly winds enable the upwelling of deep water masses, therefore con-
necting the AMOC with the global ocean circulation (Fig. 1.1). ACC waters can
migrate northward in the South Atlantic as soon as they leave the Drake Passage,
developing the cold MC on the western boundary of the southern Atlantic (Fig. 1.4).
MC transport variations have been linked to variations of the ACC transport in the

Drake passage, as well as to wind stress forcing in the circumpolar region and to eddy

13



Chapter 1. Introduction

propagation from the South Pacific (Vivier et al., 2001; Spadone and Provost, 2009).
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Figure 1.4: The near surface (0-500 m) South Atlantic circulation (m/s) and mean
temperature (°C) given by the ORA GLORYS2V4 over 1997-2010. The schematic of
the circulation with white arrows are adapted from Peterson and Stramma (1991) and
Stramma and Schott (1999).

The encounter of the cold equatorward MC with the warm poleward BC at ~40°S
results in the Brazil-Malvinas confluence (Fig. 1.4), which is known to have large con-
trasts in temperature/salinity and a strong eddy activity (Garzoli, 1993; Goni et al.,
1996). Due to the Brazil-Malvinas confluence, the BC is deflected to the east devel-
oping the South Atlantic Current (SAC) at the southern limit of the subtropical gyre.
The SAC interacts with the Benguela Current (BeC) and the Agulhas leakage on the
eastern side of the basin. The latter results from the Agulhas Current (AC) and its
Retroflection Current (ARC) releasing large columns (rings) of warm and salty water
from the Indian ocean that drift into the South Atlantic ( Weijer et al., 2002). The

Agulhas leakage fluctuations have been consistently linked to interannual-to-decadal
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variability and trends of the modelled SAMOCs and MHTs (e.g. Weijer et al., 2002;
Dong et al., 2011b; Castellanos et al., 2017), as well as being considered a possible
source of some of the northern AMOC decadal variability (e.g. Biastoch et al., 2008a).

In Fig. 1.4 the central South Equatorial Current (¢cSEC) defines the northern limit
of the South Atlantic subtropical gyre (SASG). The bifurcation of the ¢cSEC close to
the Brazilian coast results in the BC flowing poleward and the NBC flowing equator-
ward along the western boundary region (Peterson and Stramma, 1991). The latitude
of the cSEC bifurcation varies from ~17°S to ~13°S throughout the year, associated
with changes in the local wind stress due to the annual north-south ITCZ migration
(Rodrigues et al., 2006). The seasonal variability of the cSEC bifurcation position also
contributes to the seasonal variability of both the BC and NBC. The NBC is stronger
(weaker) when the SEC bifurcation is located at its southernmost (northernmost) po-
sition, and the other way round for the BC (Peterson and Stramma, 1991; Stramma
and Schott, 1999; Schott et al., 2005; Rodrigues et al., 2006). The complex system of
Atlantic equatorial currents also includes two additional westward SEC branches, the
equatorial (eSEC) and the northern (nSEC), as well as the eastward Equatorial Un-
dercurrent (EUC; Urbano et al., 2008) and the South Equatorial Undercurrent (SEUC;
Molinari, 1982).

Situated in the tropical Atlantic where equatorial currents are predominantly zonal
(Fig. 1.4), the NBC is often invoked as a key element of the AMOC upper branch
flow crossing the equator (Schott et al., 2005; Rabe et al., 2008; Sebille et al., 2011;
Zhang et al., 2011; Hummels et al., 2015; Riihs et al., 2015). The low-frequency NBC
transport variability has been considered to be a useful index of the AMOC variability in
historical observations and coupled climate simulations (Zhang et al., 2011), as well as in
ocean reanalyses (Rabe et al., 2008). In a set of hindcast, sensitivity and perturbation
experiments, this index between the NBC and AMOC transport variability is also
supported by Riihs et al. (2015), provided that the interannual to decadal variability

of the NBC wind-driven circulation is properly accounted for.
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A 3D schematic of the South Atlantic western boundary currents and the water
masses involved (Fig. 1.5) shows the poleward deepening of the BC from 0 to 1200 m
and the equatorward shallowing of the current system represented by the Intermediate
Western Boundary Current (IWBC), the North Brazil Undercurrent (NBUC) and the
NBC from 1200 m to the surface (Peterson and Stramma, 1991; Stramma and England,
1999; Mémery et al., 2000; Soutelino et al., 2013). As shown in Fig. 1.5, the SASG shifts
southward with depth, indicated by the southward migration of the zonal bifurcations
(Stramma and England, 1999). It is also evident that south of ~30°S the BC and the
DWBC merge, which represents a water column of more than 3000 m flowing towards
the Brazil-Malvinas confluence (Garzoli, 1993).

In this complex system of South Atlantic western boundary currents, the main water
masses are highlighted in Fig. 1.5. The Tropical Water (TW) is a surface layer of salty
and warm water, formed by subduction in the transition zone between the tropics
and subtropics (Stramma and England, 1999; Donners et al., 2005). Thus, the TW
flows both equatorward and poleward as a subsurface salinity maximum. The South
Atlantic Central Water (SACW) represents the thermocline waters with temperature
between 20 and 5°C, and salinity between 36 and 34.6 psu (Mémery et al., 2000). The
SACW is produced locally within the Brazil-Malvinas confluence zone, and recirculates
within the subtropical gyre (Stramma and England, 1999). The Antarctic Intermediate
Water (AAIW) is situated between 600 m and 1200 m, and recognised by a salinity
minimum ranging from 34.2 to 34.6 psu (Stramma and England, 1999; Mémery et al.,
2000; Garzoli and Matano, 2011). The AATW in the South Atlantic originates from two
sources: a surface region of the ACC layer, especially in the northern Drake passage
and along the MC; and as an injection of Indian Ocean AAIW via the Agulhas leakage.

The NADW sits below the AAIW, and is transported by the DWBC throughout
the South Atlantic western boundary. Although it is characterized as a laminar flow
in Fig. 1.5, the DWBC breaks up into eddies at ~8°S, shown by both hydrographic

measurements and high resolution models (Dengler et al., 2004; Garzoli et al., 2015).
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Figure 1.5: 3D schematic of the South Atlantic western boundary circulation and water
masses from Soutelino et al. (2013).

Therefore, southward of ~8°S the transport of NADW is accomplished by migrating
eddies. Similarly, migrating rings transport NBC waters northward after the NBC is
retroflected at ~10°N (Johns et al., 1990; Fratantoni et al., 1995; Jochumsen et al.,
2010), deconstructing the view that the MOC operates as a simplified conveyor belt
(Lozier, 2010).

1.5 AMOC bi-stability

Rapid changes in the climate system could be triggered when thresholds are exceeded,
even if the trends in climate forcing are weak. One such important threshold for the
climate system was proposed by Stommel (1961). He showed that the AMOC could

have two equilibrium states under the same forcing conditions, which was defined as the
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AMOC bi-stability. The “on” state corresponds to a strong Atlantic overturning cell
as seen in the present climate, which is developed by deep convection of water masses
in the northern Atlantic. The "off” state represents a collapsed AMOC. Changes in
the current climate system, driven by an increased melting of sea ice or small but
permanent changes in the hydrological cycle, may lead to a rapid transition from ”on”
to "off” states. Paleoclimate records also suggest very rapid changes in the past Atlantic
climate, which have been linked to sudden changes in the AMOC strength, e.g. from
melting ice sheets (Broecker, 1998, 2003).

In a simple model with a warm, salty box and another cold, fresh box, Stommel
(1961) proposed that the overturning strength was driven by the meridional density
difference between the two boxes, which in turn was controlled by the overturning trans-
port of salt from the warm into the cold box. This feedback linking the salt advection
and the overturning strength was then defined as the salt-advection feedback. Ex-
panding the conceptual model proposed by Stommel (1961) to allow cross-hemispheric
flows and making it directly applicable to NADW formation, Rahmstorf (1996) found
that the AMOC stability depends on the sign of the overturning freshwater transport
(F,y) at the southern Atlantic boundary, more precisely at 34°S. Based on results from
this simple box-model, Rahmstorf (1996) stated that when F,, at 34°S is negative,
i.e. AMOC exports freshwater from the Atlantic, a weakening of the AMOC leads to
a freshening of the basin, causing a further weakening of the AMOC. In this case the
salt-advection feedback is positive and has a destabilizing effect so that the AMOC is
in a bi-stable regime. Conversely, if F,, at 34°S is positive, a weakening of the AMOC
makes the Atlantic saltier, thus encouraging recovery in the AMOC strength. In this
case the salt-advection feedback is negative, has a stabilizing effect and the AMOC is in
a monostable regime. Fig. 1.6 illustrates the salinity behavior of the upper and lower
branches when the AMOC is considered to be in bi-stable or monostable regimes.

Liu et al. (2017) argue that Fy, at 34°S is not an accurate metric because it neglects

the freshwater transport between the Atlantic and the Arctic. Therefore, recent coupled
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Figure 1.6: Situation of bi-stable (a) and monostable (b) AMOC regimes extracted from
Ferreira et al. (2018). In (a) waters (red-blue arrow) get fresher as they are transported
northward, so the deep flow (dashed blue arrow) is fresher than the upper branch, cor-
responding to an export of freshwater from the Atlantic basin (i.e. Fy, <0). In (b) the
AMOC is fed by the cold (fresh) waters that get saltier as they are transported north-
ward, consistent with a net evaporation over the Atlantic basin; the AMOC imports
freshwater. The blue crossed circles indicate sites of deep convection.

modelling studies have refined this F,, stability indicator at 34°S, by also considering
AMOC-related freshwater transports across the northern Atlantic boundary (Huisman
et al., 2010; Liu and Liu, 2013; Liu et al., 2017). They support that the F,, divergence
across the Atlantic boundaries would be a better stability indicator to represent the
basin-wide salt-advection feedback. However, some other studies suggest to use the
F,, divergence only across the subtropical North Atlantic, the region where Fy,, usually
reaches a negative peak in both ocean and coupled models (Yin and Stouffer, 2007;
Mecking et al., 2016).

Regardless of the different F,, metrics used as stability indicators, Fig. 1.7 sum-
marizes the three main assumptions behind the salt-advection feedback mechanism,

proposed by box-model studies. The first assumption relies on the fact that the over-
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turning strength is proportional to the density difference between the North Atlantic
and the southern ocean. This buoyancy-driven relationship finds support in some ocean
models (Griesel and Maqueda, 2006; Cheng et al., 2018) but not in others (de Boer
et al., 2010; Wolfe and Cessi, 2010). Additionally, southern ocean winds are suggested
to have an important role in forcing the NADW upwelling and therefore the AMOC re-
turn flow (Fig. 1.1). This reveals a much more complex situation than the one proposed
by box-models, showing that other AMOC drivers, rather than only buoyancy-driven

processes, must be considered in the southern ocean.

Box Model

Northern
AMOC
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®
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~_
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Figure 1.7: Schematic of the salt-advection feedback and its assumptions proposed by
simple box-model studies, adapted from Cheng et al. (2018). The numbers relate to
the assumptions in the order that they are referred to in the text.

The second assumption in Fig. 1.7 is that changes in Fj, are primarily driven by
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changes in the circulation rather than changes in the salinity distributions throughout
the Atlantic (Rahmstorf, 1996). This has been recently questioned by Cheng et al.
(2018). They found that decadal and longer time-scale Fy, variability in two Earth
system simulations is instead governed by salinity rather than velocity variations ev-
erywhere in the Atlantic apart from the northern subtropics. Consistently, Cheng et al.
(2018) also showed that the long-term AMOC variability at 45°N in both Earth system
models has only a weak effect on F,, in the South Atlantic, suggesting that transport
shear associated with basin-wide AMOC variability may not be a determinant factor
in influencing the southern F,, variability, at least in these models.

Finally, the third box-model assumption in Fig. 1.7 is based on the fact that
changes in the southern Fj, perturb the north-south density differences, and as such,
they feedback on the northern AMOC. Previous modelling studies also call this as-
sumption into question, as they show that decadal north-south density differences are
almost entirely controlled by density fluctuations in the northern Atlantic rather than
in the southern ocean (Griesel and Maqueda, 2006; Danabasoglu, 2008; Cheng et al.,
2018). Some of these studies, such as Danabasoglu (2008) and Yeager and Danabasoglu
(2014), reveal that the AMOC multidecadal variability is closely related to subpolar
North Atlantic density variations. Therefore, this suggests that processes pertaining
to the North Atlantic might be the most important forcing mechanism for the AMOC
variability on these timescales. This is also supported by Cheng et al. (2018), who
found no evidence of southern F,, feedbacks on the northern AMOC in the long-term
variability of two Earth System simulations. This was proposed by Cheng et al. (2018)
as the main missing link in Fig. 1.7 in preventing the feedback loop from closing for
internal variability in these two models. However, care must be taken since the salt
export from the Agulhas leakage, for example, is argued to be a source of multidecadal
variability for the northern AMOC ( Weijer et al., 2002; Biastoch et al., 2008a)

The reliability of F,, as a stability indicator also depends on its relative importance

when compared to the other components of the Atlantic freshwater budget. Observa-
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tional analysis suggests that the AMOC currently exports freshwater out of the Atlantic
basin (e.g. Garzoli et al., 2013), which corresponds to a negative F,. Since the Atlantic
is also a net evaporative basin ( Wigffels et al., 1992), the closure of the North Atlantic
freshwater budget requires a large freshwater input into the basin by a process other
than the AMOC (Fig. 1.6). Eddy-driven mixing and particularly wind-driven gyres
are often invoked as potential sources of freshwater being transported into the North
Atlantic (De Vries and Weber, 2005; Sijp, 2012; Mecking et al., 2016; Ferreira et al.,
2018). As noted by Sijp (2012), the gyre component in the South Atlantic can adjust in
conjunction with F,, during a changing AMOC. In an eddy-permitting coupled model,
Mecking et al. (2016) showed that changes in the gyre transports are twice as large as
changes in F,, at 34°S, after a transition from “on” to "off” states.

Furthermore, F,, has also been shown to be sensitive to biases in models from
the Coupled Model Intercomparison Project 5 (CMIP5). Mecking et al. (2017) clearly
showed that correcting salinity biases in CMIP5 models impacts F,, everywhere south
of the North Atlantic subtropical gyre, even changing its sign in the South Atlantic.
According to Mecking et al. (2017), correlations between the AMOC strength at 26.5°N
and Fy, 34°S are only explained by the dependence of the salinity biases on the AMOC.
After the model salinities are corrected, these correlations become negligible.

The AMOC bi-stability in coupled models remains an open question. Freshwater
hosing experiments have been able to produce AMOC ”off” states in coarse models (e.g.
Rahmstorf, 1996), but the development of an "off” state is not clear in more complex
climate models. Some freshwater hosing experiments in complex coupled systems do
not show any evidence of an AMOC shutdown (e.g. Stouffer et al., 2006), whereas
others are able to maintain a collapsed AMOC state for 450 years (e.g. Mecking et al.,
2016). However, as pointed out by Gent (2018), 450 years of a collapsed AMOC is not
a conclusive proof that this state is truly at equilibrium. Despite the uncertainties of a
bi-stable AMOC in modelling studies, the last generation of coupled models has indeed

revealed potential feedbacks in the atmosphere (Yin and Stouffer, 2007) and in the
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ocean (Mecking et al., 2016), challenging the central role played by F,, in determining
the AMOC stability.

A different view of AMOC stability indicators is also given by Saenko et al. (2003).
By applying freshwater perturbations only in the AATW formation regions, they show
that the transition between the “on” and ”off” states in a coupled model occurs when
the densities in the AATW and NADW formation regions become comparable to each
other. Therefore, when the AATW density becomes larger (smaller) than the NADW
density, the result is the rapid development of an AMOC "off” (“on”) state. They
conclude that one of the reasons for a stable modern climate is the larger density

difference of the NADW over the AATW, when compared to glacial climates.

1.6 Research goals

The overall goal of this thesis is to investigate the Atlantic ocean transports, particularly
in the South Atlantic, focusing on their variability and feedbacks on the climate system
from a variety of model products, including FRMs with distinct spatial resolutions,
state-of-the-art ORAs and coupled climate simulations. In this context this research

aims to address the following key questions:

e What are the benefits and limitations of DA in improving the simulations of
the South Atlantic ocean circulations, which are otherwise difficult to measure?
How sensitive are FRM and ORA heat transports with respect to variations in

temperatures and meridional velocities in distinct oceanic regions?

e What is the role of salinity in modulating freshwater transports across the At-
lantic? How do FRM and ORA salinity distributions reveal climate feedbacks

between F,, transports and the AMOC?

e Can evidence for salt-advection feedback assumptions (Fig. 1.7) be detected in

the internal variability of coupled climate simulations?
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1.7 Thesis outline

The research questions posed above are addressed into the next four chapters, as follows:

e Chapter 2 describes the dataset of FRMs and ORAs, introduces a mathemati-
cal framework for how their transports are calculated, and documents a detailed
evaluation of the South Atlantic circulation in these model products, which are
compared to hydrographic measurements and recent observational studies. The
evaluation considers two main regions: (i) the southern Atlantic, where the model
products are compared to high-density lines of eXpendable BathyThermographs
(XBTs) at 35°S; and (ii) the western boundary of the tropical South Atlantic,
where the model products are compared to western boundary velocity measure-

ments from a moored array section at 11°S.

e Chapter 3 focuses on the South Atlantic meridional heat and volume transports
between 35°S and the equator, using the same dataset of FRMs and ORAs pre-
sented in Chapter 2. The benefits and limitations of DA in changing the cir-
culation are evaluated by performing several analyses to quantify relevant con-
tributions to the inter-model transport spread. It is analysed how variations
in temperature and meridional velocities, particularly at the western boundary
compared with ocean interior, contribute to explain transport agreements and
disagreements between the model products. The time variability of the ORA

transports, particularly after Argo data became available, is also evaluated.

e Chapter 4 shows similar analyses with the same FRMs and ORAs to investigate
the role of vertical and horizontal salinity gradients in modulating, respectively,
the overturning and gyre freshwater transports throughout the Atlantic. These
analyses are combined with analyses of the AMOC strength to elucidate climate
feedbacks between F,, and the AMOC in the South Atlantic, with important

implications for theories of AMOC bi-stability.
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e Chapter 5 evaluates whether the salt-feedback mechanisms (Fig. 1.7) are valid
in the pre-industrial runs of two CMIP5 model groups, which are distinguished
by the sign of F,, in the southern Atlantic. The mean transports and salinity
patterns are firstly evaluated within the two groups and linked to previous FRM
and ORA results in Chapter 4. The long CMIP5 simulations are then further used
to identify: (i) whether salinity or meridional velocity variability dominates Fi,,
variability on a range of timescales; (ii) whether meridional freshwater content
gradients are dominated by freshwater transports in the North or in the South
Atlantic; and (ili) how far the southern F,, can be correlated to the AMOC

transports throughout the basin.

Finally, general conclusions and recommendations for further research are given in
Chapter 6. This research resulted in two published papers. The findings of Chapter
2 and particularly Chapter 3 were condensed and published in Ocean Science (Mignac
et al., 2018). The findings of Chapter 4 were published in Geophysical Research Letters
(Mignac et al., 2019). ORA diagnostics developed by this research were also used in
ORA intercomparisons for other ocean basins, contributing to ORA papers in the polar
regions (Uotila et al., 2019) and in the North Atlantic (Jackson et al., 2019). The
former was published in Climate Dynamics and the latter was published in Journal of

Geophysical Research.
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CHAPTER 2

FREE-RUNNING MODELS AND OCEAN REANALYSES

2.1 Overview

This Chapter provides in Section 2.2 a detailed description of the FRMs and ORAs that
are used in this thesis, followed by the mathematical framework of how their meridional
transports are calculated in Section 2.3. Section 2.4 shows results of the South Atlantic
transport evaluation in these model products, comparing them with trans-basin and
western boundary hydrographic estimates at 35°S and 11°S, respectively. Section 2.5
evaluates the transports of GloSeab reanalysis in the South Atlantic and proposes
reasons why they are so different from all the other model products. Finally, Section

2.6 ends the Chapter with discussion and conclusions.

2.2 Description of the dataset

Two FRMs and five ORAs, each with a global domain, are considered in this work. All
the products are configured with the Nucleus for European Modelling of the Oceans
(NEMO; Madec, 2008) model, which is a state-of-the-art primitive equation z-level

model employing both hydrostatic and Boussinesq approximations. For all products,
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NEMO is configured with a partial cell topography (Adcroft et al., 1997), and a quasi-
isotropic tripolar ORCA grid (Madec and Imbard, 1996). Sub-sections listing the main
characteristics of the FRMs and ORAs are presented below. Tab. 2.1 compares the

main configurations of each product.

2.2.1 Free-Running Models

The standard configurations of the FRMs at 1/4° and 1/12° horizontal resolution used
here have been setup within the DRAKKAR consortium (e.g. Barnier et al., 2006;
Penduff et al., 2010; Treguier et al., 2014; Marzocchi et al., 2015). The FRM at 1/4°
horizontal resolution, hereafter FRM4, has 46 z-levels with thickness ranging from 6
m at the surface to 250 m at the ocean bottom. FRM4 is forced by the ERA-Interim
atmospheric reanalysis product (Simmons et al., 2007) from the European Centre for
Medium-Range Weather Forecasts (ECMWF). The ERA-Interim reanalysis provides
winds at 10 m, surface air temperature and humidity at 2 m, daily radiative fluxes
and precipitation fields, which are used to compute 6-hourly turbulent air/sea fluxes
using the Large and Yeager (2004) and Large and Yeager (2009) bulk formulae. The
integration of FRM4 was conducted at the University of Reading and is described in
Huaines et al. (2012) and Stepanov and Haines (2014) as the free control run associated
with the University of Reading Reanalysis Version 3 (UR025.3). The initial conditions
in 1989 are derived from a previous 1/4° run with hydrographic data assimilation
(Smith and Haines, 2009). A moderate relaxation of SSS is applied towards Levitus
et al. (1998) with a time scale of approximately 180 days.

The FRM at 1/12° horizontal resolution, hereafter FRM12, has 75 z-levels. Its
vertical grid is refined at the surface (1 m for the first level), smoothly increasing to
a maximum thickness of 200 m at the bottom. The integration of FRM12 was per-
formed by the Marine Systems Modelling group at the National Oceanography Centre
in Southampton, and is described in Marzocchi et al. (2015). The DRAKKAR Surface
Forcing Set 4.1 (DFS4.1) or Set 5.1 (DFS5.1) is employed, depending on the time period
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as shown by Tab. 2.1. As detailed in Brodeau et al. (2010), DFS combines elements
from two sources: (i) the Coordinated Ocean Research Experiments (CORE) forcing
dataset, from which daily radiative fluxes and monthly precipitation are extracted; and
(il) ECMWF products from which wind, surface air temperature and humidity fields
are taken. As in FRM4, 6-hourly momentum and heat turbulent fluxes are computed
in FRM12 following Large and Yeager (2004) and Large and Yeager (2009). FRM12
is initialised in 1978 from Levitus et al. (1998) climatology and applies the same SSS
restoring term as in FRM4. Both FRM4 and FRM12 employ a free-slip (no-stress)
configuration for the lateral momentum boundary conditions. Both of their sea-ice
components are resolved employing NEMQO’s native Louvain-la-Neuve Sea Ice Model

version 2 (LIM2; Timmermann et al., 2005).

2.2.2 Ocean Reanalyses

The MyOcean global ocean reanalysis activity provided a series of global ORAs at eddy-
permitting resolution (1/4°) constrained by assimilation of observations and covering
the altimetric era (i.e. period starting with the launch of TOPEX POSEIDON and
ERS-1 satellites at the end of 1992). Five of these ORAs are considered, namely: (i)
the Ocean Reanalysis Pilot 5 (ORAP5; Zuo et al., 2015) from ECMWTF; (ii) the Global
Ocean Reanalysis System version 5 (CGLORSV5; Storto and Masina, 2016) from the
Centro Euro-Mediterraneo sui Cambiamenti Climatici (CMCC); (iii) the University
of Reading Reanalysis Version 4 (UR025.4; Valdivieso et al., 2014); (iv) the Global
Ocean Reanalysis and Simulation Version 4 (GLORYS2V4; Lellouche et al., 2013) from
Mercator Ocean; and (v) the Global Seasonal Forecast System 5 Reanalysis (GloSea5;
Blockley et al., 2014) from the UK MetOffice. These ORAs employ different state-of-
the-art ocean DA systems, which assimilate, in distinct ways, reprocessed observations
of sea level anomaly (SLA), SST, in situ temperature (T) and salinity (S) profiles, and
sea ice concentration (SIC). The DA schemes vary between variational methods (e.g.

ORAP5, CGLORSVS5 and GloSea5) and ensemble-based methods (e.g. GLORYS2V4),
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which differ in the way how the model error covariances are treated. In variational
methods, the model error covariances are parameterized by the variances of ocean
variables and the assimilation increments are balanced following physical relationships
in the ocean, such as the water-mass property conservation, the equation of state,
and the geostrophic and hydrostatic balances (Storto et al., 2011; Mogensen et al.,
2012). Since the geostrophic balance is not a valid assumption in equatorial areas, this
makes more challenging to balance the velocity increments and constrain the circulation
near the equator (e.g. Waters et al., 2017). In ensemble-based methods, the model
error covariances are estimated by ensemble anomalies (e.g. Lellouche et al., 2013).
Therefore, the size and perturbations applied to the ensemble are of great importance to
increase its spread and give more representative ensemble anomalies for the estimation
of model error covariances (Pham et al., 1998). The main references of the ORA
DA schemes and their assimilated observations can be found in Tab. 2.1. The vertical
discretisation of GLORYS2V4, ORAP5, UR025.4 and GloSea5 follows exactly the same
configuration as in FRM12 with 75 z-levels. CGLORSV) has 50 z-levels in a similar
configuration to FRM4.

All the ORAs are forced with the ERA-Interim atmospheric reanalysis product from
ECMWE. The turbulent air-sea fluxes were calculated using the same methodology
as in the FRMs, but their input into NEMO varies between 3 and 6-hour sampling
depending on the product (see Tab. 2.1). In GLORYS2V4, large-scale corrections of
the atmospheric forcings are also applied (Lellouche et al., 2013), whereas in ORAP5
the impact of surface wave forcing on the ocean mixing and circulation is included
(Janssen et al., 2013). As in the FRMs, NEMO is coupled to the LIM2 sea-ice model,
except in GloSea5 which is coupled to the Los Alamos Sea Ice Model (CICE3.0; Hunke
and Lipscomb, 2010).

The surface relaxations differ between the ORAs. In ORAP5 and CGLORSVS5, the
SST data in Tab. 2.1 are used to correct the turbulent heat fluxes, with a restoring

term of -200 W m~2 K~1. The SSSs are also relaxed towards the World Ocean Atlas
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2009 (WOAO09; Locarnini et al., 2010) for ORAP5, and towards the UK Met Office
ENhAnced ocean data assimilation and ClimaTe prediction (ENACT/ENSEMBLES)
EN4 dataset (Good et al., 2013) for CGLORSV5, with time scales of approximately 300
days. No global SST and SSS restoring strategies have been implemented in UR025.4,
GloSeab or GLORYS2V4, and the only surface restoring mechanism is through the
increments introduced by data assimilation itself. As also seen in Tab. 2.1, the ini-
tialisation and spin-up differ between the ORAs. On lateral boundaries, UR025.4,
ORAP5 and GloSea5 adopt a free-slip configuration, whereas CGLORSV5 and GLO-
RYS2V4 employ a partial-slip condition. In the latter, the constant of proportionality
(o) between the tangential stress and the tangential velocity is defined as 0.5 for both
products. More specific details comparing these NEMO-based ORAs can be found in
Masina et al. (2015).

Monthly averages of the FRMs and ORAs are used for the analyses in Chapters 2, 3
and 4. The use of monthly means mitigates possible jumps introduced by incremental
assimilation over a time window of several days. In order to avoid any dynamical spin-
up in the early years of the simulation for products starting in the early nineties (e.g.
GLORYS2V4), and because UR025.4 ends in 2010, a common time period from 1997

to 2010 is chosen to calculate the mean transports.

2.3 Mathematical Framework

In order to compare the transports with South Atlantic hydrographic measurements
in Section 3.3, the model overturning stream function is calculated at any latitude as

below:

b(z) = /WE / Ov(w, 2)dzdz (2.1)

where z is the vertical coordinate increasing upward, W and E correspond to the

western and eastern boundaries, and v represents the model meridional velocity. The
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overturning strength 1,4, at each latitude is defined as the vertical maximum of the
stream function. The depth of 1,4, is denoted by zp,4,. The volume transports for any
particular zonal section can also be calculated redefining the west-east and depth limits
of the integrals in Eq. 2.1. For example, in the case of the NBC in subsection 2.4.2,
its transport across the western boundary current is calculated between the depths of
particular isopycnals, following the same methodology as in Schott et al. (2005) and
Hummels et al. (2015).

Similarly to the overturning stream function, the model MHT at any latitude is

given by:

E 0
MHT = pCp/ / vT'dzdx (2.2)
w J-H

where p is the seawater density (~1025 kg m™3), C, is the specific heat capacity of
seawater (~4000 J kg~! °C~!), and T is the potential temperature.

The AMOC transports can be represented by the sum of the geostrophic (1geo)
and Ekman (1) components, where the Ekman transport is calculated from the zonal

wind stress 7, at any latitude:

where f is the Coriolis parameter.

Pageo is calculated indirectly by the difference between 1,4, and Y gy.

2.4 South Atlantic transport evaluation

In this section FRM and ORA transports are compared to hydrographic measurements
in the southern Atlantic and at the western boundary of the tropical South Atlantic.
In the former region, the quarterly high-density XBT-based estimates (XBT-AX18) at

~35°S (Garzoli and Baringer, 2007) from 2002 to 2010 are used for comparison, as well
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as recent observational estimates which employ different methodologies to calculate the
SAMOC between 35°S and 20°S. For example, an Argo climatology (Dong et al., 2014),
altimeter synthetic profiles based on the correlation of the AVISO SLA and isotherm
depths (Dong et al., 2015), and dynamic height fields from Argo and sea surface heights
(SSHs) from AVISO (Majumder et al., 2016), are used together with wind fields to
provide observation-based estimates of the total transports in the southern Atlantic.
None of these observational estimates can be regarded as truly independent of the
ORAs, because all the datasets mentioned above, including the XBTs, are assimilated
(see Tab. 2.1).

In the tropical South Atlantic, the comparison is mostly focused on the western
boundary at 11°S. At this latitude, the NBC and DWBC transports are based on high-
frequency velocity measurements from a moored western boundary array section, with
transport estimates from 2000 to 2004 (Schott et al., 2005) and from 2013 to 2014

(Hummels et al., 2015). These are independent observations from the ORAs.

2.4.1 Southern Atlantic

In order to provide a fair comparison with the XBT-AX18 measurements, the FRM
and ORA transports at 35°S are sampled in the same months as in the 2002-2010
XBT-AX18 measurements. Comparison with these observational estimates (Fig. 2.1)
suggest that the ORA SAMOCs and MHT's, with the exception of GloSeab, are stronger
and more realistic than those of the FRMs at 35°S. For example, UR025.4 and GLO-
RYS2V4 have very similar SAMOC strengths to the XBT-AX18 transects and other
observation-based studies, showing 17.51 &+ 3.4 Sv and 18 4+ 3.3 Sv, respectively. How-
ever, their MHTs are still 0.1 PW lower than the lowest observational estimate from
Dong et al. (2015). The MHT underestimation of the FRMs and ORAs relative to
the observations at 35°S has already been reported by several authors (e.g. Dong
et al., 2011a; Dong et al., 2011b; Perez et al., 2011; Sitz et al., 2015; Majumder et al.,

2016; Stepanov et al., 2016). Significant XBT-derived trends across 35°S after the late
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1990s (Goes et al., 2015a), uncertainties in the reference level of geostrophic velocities,
and the sampling resolution of the western boundary (Goes et al., 2015b) might also
contribute to the XBT-AX18 MHT overestimation with respect to the ORAs in Fig.
2.1b. Among the ORAs, GloSeab has an unusually low SAMOC strength and its MHT
is actually southward (i.e. negative), whereas all the other model products and ob-
servation estimates show a northward MHT. Therefore, there is clearly an issue with
GloSeab transports in the South Atlantic. For this reason, GloSeab transports are not

considered in this Section and are discussed separately in Section 2.5.

(a)25 FRWA oNS ETAr 21T SAMOC STRENGTH 35°S
(b) 0.8+ MHT 35°S
0.6
0.2} |
~0.4] |

ORAP5  EEMAJUMDER ET AL. 2016
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Figure 2.1: The (a) SAMOC strength ¥4, (Sv) and (b) MHT (PW) at 35°S. The
black bars in (a) and (b) represent monthly standard deviations, except for the XBT-
AX18, Dong et al. (2015) and Majumder et al. (2016) estimates which correspond to
quarterly, weekly and daily standard deviations, respectively. In the model products,
the SAMOC strength and MHT are sampled in the same months as in the 2002-2010
XBT-AX18 measurements.

Fig. 2.2 shows that the seasonal cycle of ¥4, at 35°S, with amplitude varying
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Figure 2.2:

—FRM4
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—ORAP5
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—GLORYS2V4
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The seasonal cycle at 35°S of (a) ¥maz (Sv), (b) ¥ (Sv) and (¢) Yaeo

from 6 Sv (FRM4) to 7.2 Sv (ORAPS5), is driven by the seasonal cycle of ¢gy (Fig.
2.2b), having a clear peak in June-July. This matches quite well the Ekman transports
dominating the SAMOC seasonal cycle in other modelling studies at 35°S (e.g. Ma-
gumder et al., 2016; Stepanov et al., 2016), which have very similar amplitudes to those
shown by Fig. 2.2b. However, the dominance of the Ekman seasonal component in the
XBT-AX18 transects is masked by an out-of phase relationship with the geostrophic
component, resulting in a SAMOC seasonal cycle of only 1.8 Sv (Dong et al., 2009).

The model products do not have any clear seasonal cycle in the geostrophic transports
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(Fig. 2.2¢), while other observation-based estimates at 35°S also show a much stronger
SAMOC seasonal cycle of ~7 Sv (Dong et al., 2014; Dong et al., 2015). According to
Meinen et al. (2013) and Goes et al. (2015b), the XBT-AX18 transects may be influ-
enced by sampling aliasing in space and time which could result in a weaker SAMOC
seasonal cycle.

In order to understand the boundary current contributions to the SAMOC strength
in Fig. 2.1a, Fig. 2.3 shows the SAMOC upper branch transports at 35°S divided into
western, interior and eastern boundary components as in Dong et al. (2009) and Dong
et al. (2014). The western boundary (Fig. 2.3a) is dominated by the southward flow of
the BC whereas the eastern boundary (Fig. 2.3¢) is dominated by the northward flow of
the Agulhas leakage. The western boundary and interior transports are stronger in the
ORAs than in the FRMs, and are in better agreement with the observational estimates,
despite differences of ~5 Sv between some ORAs and the XBT-AX18 transects in Fig.
2.3a. The eastern boundary transport is ~29 Sv in the observational estimates, also
slightly higher than ~26 Sv in the FRM12 and GLORYS2V4 which have the largest
transports among the model products in Fig. 2.3c.

At 35°S, top-to-bottom transports accumulated from west to east are displayed
in Fig. 2.4. The model transports are sampled in the same XBT-AX18 months to
be consistent with the accumulated top-to-bottom transports shown by Dong et al.
(2009). The model products show an accumulated transport of approximately -40 Sv
in the western boundary region, which is 5 Sv lower than XBT-AX18 estimates. The
differences in the accumulated transports between the model products and the XBT-
AX18 values become even larger at 3°E, where most of the products reach -20 Sv while
the observations still show approximately -35 Sv. This 15 Sv difference is compensated
by a stronger XBT-AX18 northward flow at the eastern boundary, which is consistent
with Fig. 2.3c.

The FRM12 has a signature of the northward MC at the western boundary (Fig.

2.4), which is not seen in the XBT-AX18 transects. This northward flow reaches up to
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Figure 2.3: Transports (Sv) at 35°S down to 2,4, for the (a) western boundary (west
of 48°W), (b) interior (from 48°W to 3°E), and (c) eastern boundary (east of 3°E).
These three regions are defined as in Dong et al. (2009) and Dong et al. (2014). In the
model products the transports are sampled in the same months as in the 2002-2010
XBT-AX18 measurements.
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Figure 2.4: Top-to-bottom transports (Sv) at 35°S accumulated from west to east for
all the model products and XBT-AX18 measurements from Dong et al. (2009). The
vertical dashed lines correspond to the limits at 48°W and 3°E, used to separate west-
ern, interior and eastern boundaries, respectively. The model transports are sampled
in the same XBT-AX18 months as in Dong et al. (2009).

~20 Sv in FRM12 and is counteracted by a stronger BC, which alters the accumulated

transports by more than 50 Sv (i.e. from 20 Sv to -35 Sv) by 48°W. The presence of
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the MC at 35°S explains the weak southward western boundary transports of FRM12
within the SAMOC upper branch (Fig. 2.3a). The misrepresentation of the Brazil-
Malvinas confluence in the FRM12 is clearly seen in the 1997-2010 SSH maps of Fig.
2.5. The cold MC water, represented by low SSHs, extends further north in FRM12,
reaching up to ~34°S. The mean position of the Brazil-Malvinas confluence in the other

ORAs, particularly CGLORSV5, UR025.4 and GLORYS2V4, is limited to ~36°S and

this is in a much closer agreement with the AVISO gridded product.
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Figure 2.5: The 1997-2010 SSH (m) in the southern Atlantic for AVISO and the model
products. The solid black line represents the contour of 0.3 m. The offset of the model
SSHs with respect to AVISO is removed to allow a better comparison of the mean
circulation features.

On the eastern side of the basin it is observed the mean SSH shape of the Agul-

has retroflection (Fig. 2.5), which releases large rings of warm and salty water from
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the Indian Ocean into the South Atlantic. The mean SSH structure of the Agulhas
retroflection also varies reasonably between the FRMs and ORAs with GLORYS2V4
showing the closest SSHs relative to AVISO eastward of ~0°E. The differences found
there between the ORAs may be due to the different DA methods employed (Tab. 2.1)
and how altimetry observations, particularly the Mean Dynamical Topography (MDT),

are treated in each of them (Backeberg et al., 2014; Masina et al., 2015).

2.4.2 Tropical South Atlantic

Figure 2.6 shows the western boundary meridional circulation at 11°S where the NBC
core is already well developed and extends down to ~1200 m. The ORAs have a
stronger western boundary circulation compared to the FRMs. For example, the ORA
NBC core is generally broader and reaches up to 0.6 m/s at 11°S, which is consistent
with measurements of Schott et al. (2005) and Hummels et al. (2015).

The NBC and DWBC transports at 11°S (Fig. 2.7) are calculated using the same
neutral density interfaces as in Hummels et al. (2015), which separate the NBC and
the DWBC layers in the model products (Fig. 2.6). As a result of the stronger western
boundary circulation reproduced by the ORAs, their NBC transports are larger than
the FRMs (Fig. 2.7a). The UR025.4 and GLORYS2V4 NBC transports have 23.9 +
5.3 Sv and 25.0 £+ 5.4 Sv, quite close to the Schott et al. (2005) and Hummels et al.
(2015) observed NBC values of 25.8 4+ 5.3 Sv and 26.8 + 5.1 Sv, respectively. Although
DA appears to bring the ORA NBC transports closer to the observations, the ORA
NBC spread is still large with differences of more than 5 Sv between ORAP5 and
GLORYS2V4. A more detailed investigation of the ORA transport discrepancies is
described in Chapter 3.

The ORA deep western boundary transports at 11°S also agree well with the DWBC
observational estimates, although their monthly variability is only half of the DWBC
monthly variability measured by Schott et al. (2005) and Hummels et al. (2015) (Fig.

2.7b). The observed DWBC transport variability is consistently reproduced in the
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Figure 2.6: Zonal section at 11°S of the mean meridional velocity component (m/s) for
the period 1997-2010. The horizontal dashed lines correspond to the depths of neutral
densities, 7,=27.70 kg m~3 and 7,,=28.135 kg m ™3, used to separate the NBC and the
DWBC layers as in Hummels et al. (2015). Note the stretched vertical axis between
0-1000 m, compared to 1000-5000 m.
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Figure 2.7: Transports (Sv) of the (a) NBC and (b) DWBC at 11°S calculated between
the neutral densities interfaces shown by Fig. 2.6 and applying the same longitudinal
limits as in Schott et al. (2005) and Hummels et al. (2015). The black bars represent
the monthly variability of the NBC and DWBC transports.

FRM12, around + 13 Sv, which also has a mean DWBC transport close to the ORAs
and observational estimates.

In fact, FRM12 DWBC transports at 11°S surprisingly range from -50 to 13 Sv,
which is similar to the observed DWBC range from -60 to 20 Sv in Schott et al. (2005)
and Hummels et al. (2015). Some of the model products at 1/4° horizontal resolution,
such as GLORYS2V4, can also show strong DWBC transports up to -50 Sv, but none
of them reproduce a DWBC flow reversal, as shown by FRM12 and observations.
These DWBC flow reversals are caused by the break-up of the DWBC into a series of
anticyclonic eddies at ~8°S (Dengler et al., 2004), denoted by their positive temperature

anomalies, which are clearly developed in the FRM12 (Fig. 2.8a) but not seen in
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UR025.4 (Fig. 2.8b). Since FRM12 and UR025.4 are the only products with daily
data available, Fig. 2.8 compares only these two in order to evaluate the DWBC
eddies.
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Figure 2.8: Current speed (cm/s) and temperature (°C) at 1900 m in 2000/01/05 for
(a) FRM12 and (b) UR025.4 along the tropical South Atlantic western boundary. In (c)
and (d) the FRM12 and UR025.4 EKE (cm ™2 s72) are displayed at 11°S, respectively,
calculated from daily means for the period 1997-2010.

Although Fig. 2.8a-b are snapshots of the currents at 1900 m, the DWBC eddies in

FRM12 are continuously developed throughout the year, consistent with Dengler et al.
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(2004). Fig. 2.8¢c shows a peak of Eddy Kinetic Energy (EKE) between 1500-2500 m in
FRM12, which is calculated using daily means over the period 1997-2010. As expected
by the laminar DWBC flow in UR025.4 (Fig. 2.8b), its EKE at the DWBC depth is
negligible (Fig. 2.8d). This suggests that horizontal resolution may play a key role in
the development of these DWBC eddies, and that the lack of observations in such deep
regions prevents DA from constraining the ORA transport variability in the DWBC.
Garzoli et al. (2015) suggest that there are two main pathways after the DWBC breaks
down into a series of eddies at ~8°S: the main portion of the NADW flow continues
along the Brazilian continental shelf in the form of a strong reformed DWBC, while a
smaller portion, about 22% of the initial transport, flows towards the interior of the
basin. The DWBC eddies are thought to influence the NADW proportion that flows
towards the interior of the basin (Garzoli et al., 2015).

The ORAs also show consistent changes in the South Atlantic equatorial currents
when compared to the FRMs (Fig. 2.9). The eastward SEUC is consistently intensified
in the ORAs, reaching up to ~0.25 m/s, whereas it is nearly absent in the FRMs. The
ORA SEUC velocities are within the range of 0.2-0.4 m/s found by the observational
study of Molinari (1982) and Urbano et al. (2008). Moreover, the westward eSEC and
c¢SEC branches become stronger in the ORAs, particularly in ORAP5 and CGLORSV5.
This intensified equatorial current system, shown by the ORAs, is directly related to

their consistent interior transports, which are discussed in more detail in Chapter 3.

2.5 GloSea5 transports

Fig. 2.1 clearly shows that there are issues with GloSea5 transports in the southern
Atlantic. The southward MHT in GloSeab at 35°S is in striking contrast with the
northward MHTs from other model products and observational estimates. In fact,
GloSeab misrepresents by far the southern Atlantic circulation. In Fig. 2.10, GloSeab

top-to-bottom transports, accumulated from west to east (as in Fig. 2.4), have a
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Figure 2.9: The 1997-2010 zonal velocity component (m/s) in the tropical South At-
lantic between 100 and 500 m. The black contour corresponds to 0 m/s. The arrows
in the top figure indicate the equatorial currents as shown by the Stramma and Schott
(1999) schematic for the same depth range.

strong signature of the northward MC in the western boundary, which is not seen
in the XBT-AX18 transects. This northward flow reaches up to ~70 Sv in GloSea5
and is counteracted by a very strong BC, which abruptly reduces the accumulated
transports in more than 100 Sv (i.e. from 70 Sv to -40 Sv) by 48°W. The interior
flow also seems to be affected by the very strong dynamics in the GloSeab western

boundary, showing a second smaller peak east of 48°W in the accumulated transports.
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The misrepresentation of the Brazil-Malvinas confluence in GloSeab is clearly seen in
the 1997-2010 SSH maps of Fig. 2.11. The low SSHs representing cold MC waters
extend to ~30°S in GloSeab, much further north than AVISO SSHs indicate.
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Figure 2.10: Top-to-bottom transports (Sv) at 35°S accumulated from west to east for
GloSeab and XBT-AX18 measurements as in Fig. 2.4.
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Figure 2.11: The 1997-2010 SSH (m) in the southern Atlantic for AVISO and GloSea5.
The solid black line represents the contour of 0.3 m. The offset of the model SSHs
with respect to AVISO is removed to allow a better comparison of the mean circulation
features.

At 11°S, GloSeab has substantially weak western boundary circulations with both
the NBC and DWBC cores showing smaller velocity magnitudes (Fig. 2.12) when
compared to the ORAs and FRMs (Fig. 2.6). GloSea5 NBC and DWBC transports
at 11°S are only ~10 Sv and -7 Sv, respectively, which are much weaker than the
lowest FRM4 NBC and DWBC transports in Fig. 2.7. Finally, GloSeab also shows

very unusual circulation patterns near the equator (Fig. 2.13) with respect to all other

45



Chapter 2. Free-running Models and Ocean Reanalyses

model products (Fig. 2.9). Its eSEC is so strong that develops westward flow in the
latitudes where the eastward EUC flow should dominate, according to all the other

model products and Stramma and Schott (1999).
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Figure 2.12: Zonal section at 11°S of the 1997-2010 meridional velocity component
(m/s) for GloSea5. Note the stretched vertical axis between 0-1000 m, compared to
1000-5000 m.
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Figure 2.13: The 1997-2010 zonal velocity component (m/s) in the tropical South
Atlantic between 100 and 500 m for GloSea5. The black contour corresponds to 0 m/s.

In order to better investigate what may be the causes for such discrepant GloSeab
transports with respect to the other model products, the Atlantic meridional transports
in GloSea5 are evaluated over time, from its first year available in 1989 until 2010 (Fig.
2.14). The GloSea5 product, which employs the current MetOffice ocean 3D-Var DA
system, is compared to the UR025.4 reanalysis, which is based on an older version
of the MetOffice operational system with an Optimal Interpolation DA method (Tab.
2.1). The comparison between these two ORA products can give some insights about
when GloSeab transports start to drift and the latitudes where they have the largest
discrepancies.

Figure 2.14 clearly shows that the GloSea5 transports begin to drift between 1992
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Figure 2.14: The annual AMOC strength (Sv) in UR025.4 and GloSeab.

and 1993 with AMOC peaks of more than 30 Sv in the equatorial region. The de-
velopment of this very strong equatorial AMOC after 1992 in GloSea5 is followed by
an abrupt AMOC decrease in the South Atlantic from 1995 onwards, explaining the
weak GloSeab circulation at 35°S (Fig. 2.1a) and 11°S (Fig. 2.13). GloSeab SAMOC
strength even becomes negative from 2003 to 2005, giving the southward MHT in Fig.
2.1b. The anomalous GloSea5 transports south of ~20°N remain as a persistent feature
over time, even after the beginning of the Argo period in the 2000s.

The GloSeab transport issues are perhaps surprising as Jackson et al. (2016) show
that this ORA closely matches the RAPID array at 26.5°N, accurately capturing the
northern AMOC interannual variability and decadal trends. The RAPID array mea-
surements extend from 2004 to present, but UR025.4 ends in 2010. In the overlapping
period from 2004 to 2010, GloSeab and UR025.4 AMOC strengths at 26.5°N are 16.10
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+ 3.4 Sv and 18.30 & 4.3 Sv, respectively, both quite close to the 2004-2010 RAPID

array estimates of 17.20 4+ 3.8 Sv.
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Figure 2.15: The monthly east-west accumulated meridional transports (Sv) from the
surface down to 2,4, at each latitude. The solid black contour corresponds to 0 Sv.

The east-west accumulated transports from the surface down to z,4, are evaluated
on a monthly basis from July to December 1992 in the tropical South Atlantic (Fig.
2.15). Both UR025.4 and GloSea5 show very similar east-west accumulated transports
in the basin interior until September 1992. Although Fig. 2.15 only covers the last half

of 1992, the transport agreements in the basin interior between UR025.4 and GloSeab
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go back to their first month in January 1989. GloSea5 transports begin to drift in
October 1992, precisely the month when altimetry observations are introduced into the
DA system (Blockley et al., 2014; Jackson et al., 2016). A clear latitudinal band of
very strong northward transports between 5°S and the equator develops in GloSeab
after October 1992, consistent with the unusual circulation patterns near the equator
shown by Fig. 2.13. Unlike Glosea5, UR025.4 interior transports in the equatorial
South Atlantic do not show any abrupt changes after October 1992.

The monthly net accumulated transports of UR025.4 and GloSea5 at the western
boundary from Fig. 2.16, which are equivalent to the overturning strength, are shown
for the tropical South Atlantic from September to December 1992. Consistent with
Fig. 2.14 and Fig. 2.15, the overturning strength in GloSeab begins to drift in October
1992 near the equator (Fig. 2.16), reaching almost 60 Sv by December 1992 (i.e. 40 Sv
stronger than UR025.4).

2.6 Discussion and Conclusions

The South Atlantic circulation at 35°S and in the western boundary at 11°S were evalu-
ated for a global NEMO-based dataset of five ORAs and two FRMs with distinct spatial
resolutions. The ORAs mainly differ by their initial conditions, their DA schemes and
to some small extent by the observations assimilated, as they share very similar ocean
model configurations and are all forced with the ERA-Interim atmospheric product
(Tab. 2.1).

Comparisons with hydrographic measurements and observational studies, at both
35°S and 11°S, show that most of the ORAs reproduce more realistic large-scale and
western boundary transports than the FRMs. For example, ORAs show much stronger
SAMOCs and MHTSs than the FRMs (Fig. 2.1), including: a better representation of
boundary and interior transports at 35°S, consistent with the XBT-AX18 estimates

(Fig. 2.3); an improved positioning of the mean oceanic fronts, such as the Brazil-
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Figure 2.16: UR025.4 and GloSeab monthly AMOC strengths (Sv) from September to
December 1992 for the tropical South Atlantic.

Malvinas confluence (Fig. 2.5), as well as an improved representation of the south
equatorial currents (Fig. 2.9); and the ORAs have more consistent mean NBC-DWBC
transports when compared to western boundary measurements at 11°S (Fig. 2.7),
although the ORA spread of the NBC transports is still large. The limitations of DA

in constraining the western boundary ORA transports are discussed in more detail in
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Chapter 3.

The eddy-permitting model products, including all the ORAs, were not able to
correctly reproduce the DWBC variability, such as the DWBC flow reversals due to
the development of deep eddies. In contrast, the DWBC variability in the high res-
olution FRM12 shows the successful development of DWBC eddies (Fig. 2.8). This
suggests that horizontal resolution plays a role in the DWBC eddy development. A
high-resolution model will better represent coastline orientation changes, the sloping
bathymetry near the coast and the shear between the NBC and DWBC (e.g Soutelino
et al., 2013; Dengler et al., 2004; Garzoli et al., 2015). These elements can help trigger
barotropic and baroclinic flow instabilities, as suggested by Dengler et al. (2004), as the
causes for the DWBC eddy generation. The lack of observations in such deep regions
can also prevent DA from constraining the ORAs in the DWBC.

Finally, although GloSeab is considered a reference product for the North Atlantic
circulation (Jackson et al., 2016), here we show that this ORA has anomalous transports
south of ~20°N (Fig. 2.14), which begin to drift with altimetry assimilation in October
1992. According to Blockley et al. (2014), an altimeter bias correction technique is
employed to correct biases in the GloSeab MDT, which is added to the SLA observations
prior to assimilation. Since GloSea5 misrepresents the South Atlantic circulation by far,
including the Brazil-Malvinas confluence, the NBC-DWBC and the equatorial currents,
its inconsistent transports may be derived from how the model MDT biases are treated
in GloSeab, particularly south of ~20°N. Bias-correction strategies could be revisited
in the previous MetOffice DA system, employed in UR025.4, in order to better evaluate
any sources of error within the newer DA system. For this reason, GloSeab is excluded

from the following ORA analyses in Chapters 3 and 4.
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CHAPTER 3

SOUTH ATLANTIC MERIDIONAL HEAT AND VOLUME
TRANSPORTS

3.1 Introduction

The South Atlantic acts as a communicator between the southern and northern oceans
(Garzoli and Matano, 2011) through the AMOC transporting warm water northward
across the Equator to compensate for the southward export of a cold NADW. The
northward upper limb of the SAMOC is a complex mixture of water masses originating
from the Indian, Pacific, and Southern oceans, which are blended together in the South
Atlantic gyre circulations. The water mass redistribution in the South Atlantic and
the inter-ocean exchanges can significantly influence the long-term AMOC variability
(Garzoli and Matano, 2011), particularly on decadal timescales through the heat and
salt export by the Agulhas leakage (Weijer et al., 2002; Sebille et al., 2011).

Marshall et al. (2013) argue that the northward ocean heat transport across the
Equator sets the mean position of the ITCZ in the Northern Hemisphere. Since the
South Atlantic is the only major ocean basin that transports heat equatorward, quanti-
fying and understanding the SAMOC should help to explain the inter-hemispheric heat

exchanges and improve interannual to decadal climate simulations, as also recently rein-
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forced by Lopez et al. (2016). For this reason, a SAMOC observing system was already
initiated in 2002 with quarterly high-density XBT lines at 35°S (Garzoli and Baringer,
2007) and more recently with the development of SAMBA array (Ansorge et al., 2014),
analogous to the RAPID array in the North Atlantic (Cunningham et al., 2007). How-
ever, the lack of long-term measurements in the area still limits our understanding of
the South Atlantic state and its variability, reflecting the large disagreement in the
transports between observational and model studies (Garzoli et al., 2013; Dong et al.,
2014; Dong et al., 2015; Majumder et al., 2016; Stepanov et al., 2016).

In this context, ORAs could be useful tools to monitor ocean circulation and change
indicators (Masina et al., 2015; Palmer et al., 2015). ORAs employ ocean general cir-
culation models and DA schemes to synthesize a diverse network of available ocean ob-
servations in order to arrive at a consistent estimate of the historical ocean state. ORA
diagnostics have been put together with three-dimensional velocity fields constructed
from Argo and SSH observations to study the SAMOC variability and its relation with
the MHTs between 35 and 20°S (Majumder et al., 2016). Although both observations
and ORAs show strong correlations between the SAMOC and MHT, Majumder et al.
(2016) also found significant discrepancies in the heat transport magnitudes among the
ORAs and between the ORAs and the observations. Their result reveals the need for
further assessment of the skills and uncertainties of the ORAs in the South Atlantic,
such as comparing them with FRMs and evaluating their SAMOC contributions across
the eastern, interior, and western boundary regions shown in Fig. 1.5 and Fig. 1.4.

The next generation of operational climate prediction systems will implement eddy-
permitting ocean models, and it is expected that ORAs will provide improved initial
conditions for such climate prediction models. The comparison between ORAs and
FRMs is a critical step in assessing the feasibility of initialising the ocean transports
which are not directly observed. Such intercomparisons therefore can give valuable
insights about how the transports are affected by DA (e.g. Zuo et al., 2011; Karspeck

et al., 2015). To address these issues, we use state-of-the-art ORAs at eddy-permitting
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resolution with two FRMs at eddy-permitting and eddy-resolving resolutions to study
the meridional transports in the South Atlantic between 35°S and the equator. Fo-
cusing on the meridional volume and heat transports, we first identify similarities and
differences among products. Going further than Majumder et al. (2016), we also narrow
down these transport differences in an attempt to understand the potential impact (and
limitations) of the DA schemes in improving the ORA states in the South Atlantic.
This chapter is organised as follows. Sections 3.2 and 3.3 show the results of the
meridional transports and the contributions of the temperature and meridional ve-
locities to the spread in the heat transports, respectively. Section 3.4 evaluates the
western boundary role in the South Atlantic large-scale transport discrepancies be-
tween the products. Section 3.5 investigates the time variability of the transports.

Finally, Section 3.6 contains the discussion and conclusions.

3.2 Meridional transports

Figure 3.1a shows the time mean AMOC strength for each product and at each latitude
from 35°S to 60°N. The ensemble spreads of ¥4, for all products (ENS-ALL) and for
only the ORAs (ENS-ORA) are shown in Fig. 3.1b. The discrepancies in AMOC
strength between the ORAs are largest in the South Atlantic, reaching the maximum
spread of 3.5 Sv (ENS-ALL) and 3 Sv (ENS-ORA) in the area between 20°S and the
equator. The two FRMs are similar to each other, both with relatively low AMOC
across the basin. The assimilation of observations in the reanalyses appears to increase
the AMOC strength at all latitudes, which is supported by the previous analyses in
Chapter 2. In the North Atlantic, especially in the subpolar gyre north of ~35°N;,
the ORA AMOCs are consistently 3-4 Sv higher than in the FRMs. However, the
increase of the ORA AMOC:s is less consistent south of ~35°N, especially in the South
Atlantic where the differences in the SAMOC transports can reach up to ~8 Sv between
GLORYS2V4 and ORAP5. The latter is the ORA that has the lowest transports in
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the South Atlantic, closest to the FRMs.
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Figure 3.1: (a) The AMOC strength (Sv) averaged over 1997-2010 as a function of
latitude, and (b) its spread (Sv) defined as the spread of the ENS-ALL and ENS-ORA.
The black box highlights the South Atlantic.

As in the AMOC strength (Fig. 3.1), the inter-product spread in the South At-
lantic MHT gets larger towards the equator, with differences up to 0.4 PW between
GLORYS2V4 and ORAPS5 (Fig. 3.2). The MHT based on integrating the Liu et al.
(2015) surface heat flux product southward of 80°N is also considered. This product
uses top of atmosphere net radiation flux from the Clouds and Earth’s Radiation En-
ergy System modified by the ERA-Interim atmospheric transports. The MHT from
Liu et al. (2015) suggests higher heat transports in good agreement with UR025.4 and
GLORYS2V4 across the South Atlantic basin, although the surface integration method
accumulates errors from all higher latitudes. Liu et al. (2015) estimates also reasonably
agree with the XBT-AX18 and other South Atlantic observational studies at 35°S and
30°S. However, the observational estimates diverge north of 30°S, with the transports
from Dong et al. (2015) and Majumder et al. (2016) differing by ~0.7 PW at 20°S.
These discrepancies underscore the uncertainties in observed transports through the

South Atlantic.
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Figure 3.2: MHT (PW) as a function of latitude averaged over 1997-2010. The MHT
from Liu et al. (2015) and its annual standard deviation is represented by the shaded
grey area. The products are also compared to hydrographic and inverse modelling
estimates from the literature at several latitudes.

Figure 3.3a-f show maps of the 1997-2010 east-west accumulated volume transports
from the surface down to zpqs (typically ~1200 m) for each latitude, same approach
used in Fig. 2.15. These contours can be regarded as streamlines of the upper ocean
gyre circulations. The northern boundary of the subtropical gyre (dashed contour of
zero transport), near 20°S and 15°S, agrees well between products, with only GLO-
RYS2V4 extending slightly further north. The subtropical gyre to the south is only
partially shown but the strength of this gyre is quite consistent between the ORAs and
FRM12, and significantly stronger than in FRM4. The large-scale circulation equator-
ward of 15°S is dominated by a southward flow increasing westwards until the strong
northward NBC flow is reached in a very narrow western boundary area. The ORA
southward flow in the basin interior ranges between -14 and -18 Sv. For consistency
with the overturning strength ., (represented in Fig. 3.3a-f by the westernmost
accumulated transports), the NBC region typically reaches ~36 Sv of northward flow.
This agrees with other studies of the role of the NBC in the AMOC upper branch

crossing the equatorial Atlantic (e.g. Rabe et al., 2008; Sebille et al., 2011; Riihs et al.,
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Figure 3.3: (a) East-west accumulated volume transports (1997-2010) for each product
(a to f) calculated from the surface down to zj,q, at each latitude. The upper southward
flow in (g) is defined by the southward maximum of the east-west accumulated volume
transports. Units are in Sv and the black dashed contour corresponds to 0 Sv.

Figure 3.3g shows the southward maximum of the east-west accumulated transports
between 15°S and the equator. The generally good agreement of this interior component
of the circulation between the ORAs is in striking contrast with their ¢4, (Fig. 3.1).
Indeed the ENS-ORA spread of the interior flow (~1 Sv) is about three time less than
the spread in 4, for the same latitude range. The ORA southward transports differ
from the FRMs, with two peaks of southward transport between 10°S and the equator
where the FRMs only have one. The zonal currents, which are shown by Fig. 2.9 and

can be inferred in Fig. 3.3, reveal consistent changes in the equatorial current system
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between the ORAs and the FRMs. The c¢SEC branch, described in the top 500 m
tropical circulation schematics of Stramma and Schott (1999), is nearly absent in the
FRMs, but more evident in the ORAs, also leading to stronger southward transports
in Fig. 3.3g. Thus, there is both qualitative and quantitative evidence that the DA in
the ORAs is doing a good job in reproducing a consistent interior circulation for the
tropical South Atlantic basin.

Despite evidence of the ORA consistency in the interior circulation in the tropical
South Atlantic as well as in the subtropical gyre further south, the overturning trans-
port component ¥4, associated with the very narrow NBC, is not as well constrained
(Fig. 2.7). Although DA brings the ORA NBC transports closer to the observations
when compared to the FRMs, Fig. 2.7a also shows that the ENS-ORA NBC spread is
still large, around 3 Sv, which is consistent with the ENS-ORA spread in the SAMOC
strength (Fig. 3.1). This suggests that, at least in this latitude range, the NBC strength
alone can explain the large-scale transport discrepancies between the ORAs, which will

be discussed in more detail in Section 3.4.

3.3 Temperature and velocity contributions

In this section, the contributions from 7" and v variability for the heat transports are
analysed, as well as the relationship between the MHT and the SAMOC upper limb.
Figure 3.4 shows a meridional section of the zonal-mean temperatures from WOA13
(Locarnini et al., 2013), together with zonal-time mean anomaly 7" from each product.
Large anomalies in the FRMs can be seen, particularly in the tropics where the models
may have limitations representing sharp vertical gradients in the tropical thermocline.
In FRM4 there is a large warm anomaly of up to 3°C in the upper 200 m of the tropical
South Atlantic, whereas FRM12 has a weaker warm anomaly in the top 200 m, but
a much more extensive cold anomaly of ~2°C in the ocean interior down to ~500 m.

All the ORAs show much weaker anomalies (mostly <0.5°C), presumably due to the
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assimilation of SST and T'/S profiles which are able to better constrain the T" vertical
structure. Below 1200 m the differences between the products and WOA13 are much

smaller.
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Figure 3.4: The zonal averaged temperature (°C) as a function of latitude for WOA13
from 1995 to 2012 (top panel), followed by the zonal averaged temperature of each
product from 1997-2010 minus WOA13. The thick solid line represents the 0°C contour.

Figure 3.5 evaluates the relative T' and v contributions to the ENS-ALL MHT
spread. We compare the original MHTs (Fig. 3.5a) with the MHTs based only on
circulation differences (vT; Fig. 3.5c), and only on temperature differences (v7; Fig.
3.5e), where the overbar denotes the ENS-ALL mean. In order to identify locations
where T and v contribute to different transports in ENS-ALL, ocean temperature trans-
ports per 0.25° of longitude (p-OTTs) from top to bottom are also calculated across
the basin (Fig. 3.5b), with their p-vT (Fig. 3.5d) and p-vT (Fig. 3.5f) contributions.
Note that the units in the maps of Figs. 3.5b, d, f are PWT (PetaWatt Tempera-
ture Transport; Talley, 2003; Macdonald and Baringer, 2013) per 0.25°. The spatial
discretisation of the MHT on a longitudinal 0.25° grid allows to present FRM12 on a

comparable scale to that of the other models.
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Figure 3.5: (Left) The original MHTs (a), the MHTSs based on the vT component (c),
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The strong similarity between Figs. 3.5a-b and Figs. 3.5c-d reveals that v rather
than T differences drive the inter-product spread in the MHTSs, both regionally and in
the zonal integrals. The vT component captures variations from ~0.2 PW to 1 PW

(Fig. 3.5¢), explaining ~83% of the total MHT spread which is mainly concentrated
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in the areas with largest mean transports, i.e. the narrow western boundary region
(Fig. 3.5d). Even with relatively large 7" anomalies found in the FRMs (Fig. 3.4),
the vT" component only differs by ~0.13 PW between the products across the basin
(Fig. 3.5e), mainly due to temperature differences in FRM4 and FRM12. However, a
very narrow maximum of p-vT (Fig. 3.5f) can also be seen right against the western
boundary, especially in the NBC region around 11°S and near the Brazil-Malvinas
Confluence at 35°S. This is interpreted as due to variations in boundary temperatures
needed to geostrophically support the large differences in western boundary current
velocities between the products. However, these temperature differences make little
transport contribution. The detailed role of the western boundary for the inter-product
transport discrepancies will be discussed again in Section 3.4.

The dominance of the circulation determining heat transports also extends to the
time variability. The monthly correlation between 1,4, and MHT within all products
is above 0.8 for most of the South Atlantic (Fig. 3.6). Dong et al. (2009) and Garzoli
et al. (2013) estimated quarterly correlation values around 0.75 between circulation
and heat transports at 35°S from the XBT-AX18 observations. Majumder et al. (2016)
found that a 1 Sv change in the SAMOC strength corresponds to a change of 0.046
PW at 35°S and 0.056 PW at 20°S in the MHT. This agrees relatively well with the
ENS-ORA which show a 1 Sv change in SAMOC strength corresponds to ~0.052 PW
change between 35°S and 20°S. It is interesting to note that correlations abruptly fall
from 0.85 to ~0.45 near the equator. The interior southward flow gradually increases
in the tropical South Atlantic reaching similar magnitudes to ¥4, between 5°S and
the equator (Fig. 3.3g). In this region, the temperature differences between the NBC
core and the southward basin interior circulation reach up to ~5.5°C in the top 300 m,
similar to the AT of ~6.5°C between the SAMOC upper and lower limbs. Therefore
it is likely that these large upper level tropical circulations explain why 4, does not
dominate the MHT variability close to the equator, as also noted by Valdivieso et al.
(2014).
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Figure 3.6: The monthly Pearson correlation between the SAMOC strength and the
MHT as a function of latitude for 1997-2010, calculated with significance level of 95%.
The quarterly XBT-AX18 correlation between the SAMOC strength and MHT at 35°S

is also included for comparisons.

3.4 Western boundary contribution

Figure 3.7 shows the linear regression coefficient between the inter-product p-OTTs and
their MHTs across the whole basin. The western boundary grid points in the tropical
South Atlantic reach up to ~0.4 PWT per 0.25°, out of 1 PW across the whole basin,
so that ~40% of the differences in the MHT can be explained by transports in a 0.25°-
wide band (a single grid point in all models except FRM12), with values elsewhere in
the basin interior very close to zero. This is consistent with Fig. 3.3 showing that
the large-scale southward flow at upper levels does not differ much between products,
while 9,4, varies considerably, mainly due to the narrow NBC. Weaker negative linear
regression coefficients are found eastward of the NBC in Fig. 3.7, representing the
influence of the southward DWBC, reflecting the sloping bathymetry and the broader
current scale than the NBC. South of 25°S the p-OTT contributions to the total MHT
are more distributed, with a noticeable contribution from the Agulhas leakage caused
by the different intensity and positioning of the Agulhas rings between the products as
they travel westward across the southern Atlantic (Fig. 2.5).

Figure 3.7 also shows a continuous and dominant narrow band of positive regression
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Figure 3.7: The linear regression coefficient between the inter-product p-OTTs and
their MHTs for each latitude. Units are in PWT per 0.25° per 1 PW across each
latitude.

coeflicients all down the western boundary, including latitudes where the p-OTTs have a
southward transport associated with the BC, e.g. between 35°S and 25°S (see schematic
of Fig. 1.5). This reveals that products with larger northward MHT's (e.g. CGLORSVS5,
UR025.4 and GLORYS2V4) must have weaker southward p-OTTs near the western
boundary, i.e. a weaker BC, resulting in the positive MHT linear regressions. In
the case of CGLORSV5, UR025.4 and GLORYS2V4, this is reinforced by a stronger
northward subsurface transport of the IWBC and NBUC, which feeds the NBC in the
tropical South Atlantic (Fig. 3.8a and Fig. 3.8b). Based on Fig. 3.7, a region within
6° of the coast is selected to calculate the TW, SACW and AAIW transports of the
upper western boundary circulation, with their isopycnal limits defined as in Mémery
et al. (2000) and Donners et al. (2005). For each latitude, any southward water mass
transport is accounted for as the BC (Fig. 3.8a), whereas any northward transport
contributes to the IWBC-NBUC-NBC system (Fig. 3.8b), allowing to represent the
deepening of the poleward BC and the shallowing of the equatorward IWBC-NBUC-
NBC flows, as shown by Fig. 1.5 (Soutelino et al., 2013).

In GLORYS2V4 and UR025.4, the IWBC and NBUC transports are at least 5 Sv
larger than in ORAP5 and the FRMs (Fig. 3.8), and the former products then pro-
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Figure 3.8: The transports (Sv) within 6° of the west coast for the (a) BC and (b)
IWBC-NBUC-NBC system, following the isopycnal limits of the South Atlantic western
boundary water masses as in Mémery et al. (2000) and Donners et al. (2005). The TW,
SACW and AAIW limits are defined in kg m™3 with ¢ < 25.5, 25.5 < ¢ < 27.1, and
27.1 < o < 27.3, respectively. The ENS-ORA spread (Sv) of the western boundary
current transports are displayed in (c).

duce a stronger NBC in the tropical South Atlantic, consistent with the observational
estimates at 11°S (Fig. 2.7a). At each latitude the ORAs usually modify the upper
western boundary circulation in the same direction, increasing (decreasing) the trans-
ports of the northward (southward) currents compared to the FRMs, which leads to
higher MHTs across the entire basin. However, the western boundary transport mag-
nitudes are not properly constrained in the ORAs, as reinforced by Fig. 3.8c, with the
ENS-ORA spread increasing as current strengths increase. The IWBC-NBUC-NBC
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spread particularly growths from ~1 to 3.5 Sv towards the north which is comparable
to the SAMOC spread seen in Fig. 3.1b. There is much better agreement for the BC
near 35°S between the ORAs (ORAP5 excepted), with smaller spreads compared to
the NBC.

In Fig. 3.9, the transports are schematically broken down into four boxes, the upper
and lower western boundary region (within 6° of the coast), and the upper and lower
ocean interior (z,q, separates the upper and lower layers). Figure 3.9 summarises how
the inter-product changes in the upper western boundary circulation correlate with
the other three boxes (for the current systems involved see Fig. 1.5). In the tropical
South Atlantic (Fig. 3.9a), the northward flows in the upper western boundary box in
GLORYS2V4 and UR025.4 are ~10 Sv and 8.5 Sv larger than in FRM4, respectively.
These are mainly compensated by larger flows in the DWBC, by ~9 Sv and 8 Sv in
GLORYS2V4 and UR025.4, respectively, relative to FRM4. These large inter-product
compensations confined to the western boundary extend to the subtropical region (Fig.
3.9b), where the ORAs with highest southward DWBC transports also show highest
northward transports in the western boundary upper limb. Similarly, Sitz et al. (2015)
found that the strengthening in the SAMOC upper limb with increasing model resolu-
tion is mainly compensated by strengthening of the poleward transport in the deeper
layers, mostly in the western part of the basin. This large compensation between the
upper and lower western boundary circulation is evident within all products in Fig.
3.9a, with the deep western boundary typically compensating for ~70-75% of its upper
limb transports, which was also noted in the observations of Schott et al. (2005) and
Hummels et al. (2015) (Fig. 2.7).

In contrast to their western boundary circulations, the ORAs show very similar
upper interior flows across the South Atlantic, consistently stronger than in the FRMs,
regardless of direction (southward in Fig. 3.9a and northward in Fig. 3.9b). This
consistency is retained even in the subtropical gyre (Fig. 3.9b), where the northward

basin interior circulation can have larger magnitude than the upper western boundary
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Figure 3.9: 4-box model of the averaged transports (1997-2010, in Sv) from (a) 15°S
to the equator, and from (b) 30°S to 15°S. 6° off the coast is chosen to separate the
western boundary from the basin interior. The depth of maximum SAMOC z,4, for
each product is used to separate the upper and deep circulations. The circles with x
and dots represent flow going into and out of the page, respectively. The empty circle
means that there is no agreement about the direction of the flow. =+ corresponds to
the interannual variability of each product. Note the different axes for each box.

currents to balance the DWBC. The deep interior box has negligible transports in the
tropical South Atlantic, but significant southward transports further south, especially

in the ORAs, suggesting that some portion of the NADW flows towards the interior of

66



Chapter 3. South Atlantic meridional heat and volume transports

the basin in the subtropical South Atlantic (Garzoli et al., 2015).

3.5 Temporal variability

Figures 3.10a-f show that the interannual variability in p-OTTs is larger in the ORAs
and in the high resolution FRM12 than in FRM4. The assimilation of observations
in eddy-permitting models introduces variability that would otherwise only appear
with higher resolution, as in FRM12. According to Masina et al. (2015), this higher
variability in the ORAs is in better agreement with the EKE estimates from the Ocean
Surface Current Analyses Real-time (OSCAR) than that of the FRMs. Although some
of the ORAs have more transport variability than others throughout the basin, the
western boundary variability remains a dominant feature, particularly northward of
25°S. In Fig. 3.10g, the interannual p-OTTs variances for each product are summed
within 6° of the western boundary coast as a function of latitude and displayed as a
percentage of the total MHT variance. It shows that the western boundary controls
~T0% of the interannual MHT variability in the tropical South Atlantic for almost all
the products (UR025.4 excepted), but it is less dominant further south.

South of 25°S, the interannual variability of the transports is more spread, with
contributions from the western boundary (near the Brazil-Malvinas confluence), and
near the eastern boundary (due to the Agulhas leakage) with the largest values around
0.06 PWT per 0.25° in FRM12, UR025.4 and GLORYS2V4. The different levels of
variability in the Agulhas leakage between FRM4 and ORAs may be attributed to the
impacts of the SLA assimilation (Backeberg et al., 2014). However, even between ORAs
these Agulhas patterns differ, e.g. the weaker contributions in ORAP5 may be due to
smoothing from the super-observation method applied to the altimeter data (Mogensen
et al., 2012), as also noted by Masina et al. (2015).

Figure 3.11a shows the monthly time series of both 4, and the maximum south-

ward flow in the basin interior (as in Fig. 3.3g), as a spatial average from 15°S to the
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within 6° of the west coast across each latitude and displayed as a percentage of the
total MHT variance.

equator. There appears to be greater consistency in the ORA southward transports
in the second half of the time series, which is not seen in ¥,,4,. In Fig. 3.11b, the
time series of the ENS-ORA spread for both components are also displayed. A running
mean of 6 months was applied to smooth the ENS-ORA monthly variability. Even with
large variations, particularly in the first years of the time series, the ENS-ORA spread
for the upper southward flow is seen to reduce from ~3 Sv to 1 Sv in the later years.

This may be explained by the initiation of the Argo program and the increased number
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of observations to constrain the southward interior flow in the ORAs. Although not
shown, the ORA northward interior transports between 30°S and 15°S also look more
consistent in the later years. However, the ENS-ORA spread in 4, remains nearly
steady over this period, although the assimilation does increase the NBC transports in

the ORAs relative to the FRMs (Fig. 2.7).
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Figure 3.11: (a) Monthly time series of ¥4, (Sv) and the maximum upper southward
flow (Sv) for each product calculated as an average from 15°S to the equator, and (b)
their ENS-ORA spreads (Sv). A running mean of 6 months was applied to smooth the
ENS-ORA spread time series. The upper southward flow is calculated using the same
approach as in 3.3g.

3.6 Discussion and Conclusions

Some aspects of the circulation are well constrained by data assimilation (see also

Chapter 2 for a more detailed ORA validation). The ORA circulation in the basin
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interior is consistently modified across the basin relative to the FRMs (Fig. 3.3 and Fig.
3.9), with interior meridional transports converging as Argo data are introduced (Fig.
3.11). Zonally integrated temperature sections for the ORAs are also very similar to
WOA13 (Fig. 3.4), whereas the FRMs have large anomalies. The relationship between
the magnitudes of SAMOC and MHT in the ORAs is in good agreement with that
inferred in observations (e.g. Garzoli et al., 2013; Majumder et al., 2016), and the
SAMOC upper limb and MHT are also strongly correlated in time at most latitudes
(Fig. 3.6).

Here, although the DA consistently changes the upper western boundary transports
in the same direction (e.g. increasing the northward IWBC-NBUC-NBC and decreasing
the southward BC), they do not consistently constrain the boundary current transport
magnitudes. Large SAMOC and MHT discrepancies still remain between the ORAs.
These discrepancies are mainly attributed to differences in the narrow South Atlantic
western boundary currents found within a few degrees of the coast. For example, the
NBC (15°S-equator) explains 85% of the inter-product differences in the total MHTs,
with compensating variations in the return flow (DWBC) also close to the coast. Since
the overturning stream function ;.. is mainly associated with these boundary flows,
it is not well constrained by the ORAs, particularly in the tropical South Atlantic.

Analysis of the heat transports also reveals that differences in transport rather than
differences in temperature dominate the inter-product spread, even within the western
boundary region. The temperature contribution to the inter-product spread in heat
transport, vT, is only ~17% of the total spread, but its signature is evident right
against the western boundary where temperature differences are required to geostroph-
ically support the velocity differences between products. The local response to small
density changes on the western boundary slope was also found to largely determine
the meridional transport variability in ocean models in the North Atlantic, as noted
by Bingham and Hughes (2009), emphasising the large sensitivity of the currents with

respect to local density gradients against the boundary.
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It is noteworthy that the lateral boundary conditions in the ORAs and FRMs vary
between free-slip (a=0) and partial-slip (a=0.5). However, there is no clear correspon-
dence between the choice of lateral boundary conditions and the strength of the western
boundary transports, with free-slip products (e.g. UR025.4) having similar transports
to partial-slip products (e.g. GLORYS2V4).

Two possible reasons for the ORA differences in the western boundary currents
are: (i) the lack of near boundary observations, and/or (ii) the differences in DA error
covariances when assimilating interior basin measurements lying near to the western
boundary. Observation system simulation experiments (OSSEs) with AMOC trans-
basin arrays have shown that the meridional flow strength can be sensitive to the
number of hydrographic profiles near the boundaries in both North (e.g. Hirschi et al.,
2003; Baehr et al., 2004) and South Atlantic (e.g. Perez et al., 2011). The combined
assimilation of open ocean hydrographic observations and the continuous RAPID array
western boundary measurements have also been shown to locally improve the AMOC
strength at 26.5°N (Stepanov et al., 2012). This emphasises the role that more sys-
tematic observations located at the eastern and western boundaries at several latitudes
may play in monitoring the AMOC (Marotzke et al., 1999). In the future, the SAMOC
observing system (Ansorge et al., 2014; Hummels et al., 2015), which will provide time
series of NBC measurements at the western boundary at 11°S, could be assimilated
into the ORAs to constrain the regions of largest spread in the tropical South Atlantic.

Differences in data assimilation methods near the boundaries may also be influ-
encing the overturning in the different ORAs. For example, Balmaseda et al. (2013a)
noted that the AMOC at 26°N in the ECMWF reanalyses is very sensitive to the treat-
ment of observations and the parametrization of their errors near to the boundaries,
although similar changes are not documented for other ORAs. Stepanov et al. (2012)
also showed that the assimilation impacts of the RAPID western boundary measure-
ments on the AMOC can vary according to the prescribed horizontal scales of the DA

error covariances, e.g. with boundary-focused covariances producing larger positive
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impacts on the AMOC than isotropic covariances. In order to better understand the
large SAMOC sensitivity found between the ORAs, future work in Section 6.4 explores
the response of the western boundary and SAMOC transports to changes in the ORA
configurations, such as sensitivity experiments to the assimilated datasets and to the

DA schemes near the western boundary.
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CHAPTER 4

DECOUPLED FRESHWATER TRANSPORT AND

MERIDIONAL OVERTURNING IN THE SOUTH ATLANTIC

4.1 Introduction

The freshwater transport by the AMOC itself (Fy,) has been proposed as an indicator
of the AMOC bi-stability, a situation where the AMOC could switch between ”"on” and
"off" states (a collapsed or weak AMOC). Based on results from simple box models
(Stommel, 1961; Rahmstorf, 1996; De Vries and Weber, 2005, a bi-stable AMOC is
suggested to occur when the overturning circulation exports freshwater from the At-
lantic (Fpy, < 0), with Fy, typically being measured at the southern boundary at 34°S.
In this scenario, assuming other feedbacks are negligible, a weakening of the AMOC
is followed by a weakening of F,, and freshening of the whole basin, which in turn
further reduces the model AMOC creating a positive feedback loop (Drijfhout et al.,
2011; Hawkins et al., 2011).

However, F,, at 34°S may be a poor indicator of the true freshwater feedbacks
during a changing AMOC, because the South Atlantic subtropical gyre can adjust in
conjunction with the AMOC, as noted by Sijp (2012). Furthermore, Fy, has also been

shown to be sensitive to biases in coupled climate models, with suggested implications
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that many models may be artificially stable (Yin and Stouffer, 2007; Jackson, 2013;
Liu et al., 2017; Mecking et al., 2017). In particular, F,, in the southern Atlantic can
easily change sign when salinity bias corrections are accounted for, as seen for many
CMIP5 models (Mecking et al., 2017).

It is in this context that ORAs can be useful tools to investigate the freshwater
transport throughout the Atlantic, since they employ DA methods to constrain models
to a diverse network of available ocean observations, giving a consistent estimate of the
historical ocean state (e.g. Masina et al., 2015; Palmer et al., 2015). The complete,
time-evolving ORA descriptions of the ocean circulation are already used for initial-
ising climate model transports, aiming to improve decadal predictions of the AMOC
(Pohlmann et al., 2009; Bellucci et al., 2013). Comparisons between ORAs and his-
torical model runs without data assimilation, i.e. FRMs, also give valuable insights
into how ocean transports, which are not directly observed, are affected by DA (e.g.
Karspeck et al., 2015).

In order to elucidate feedbacks between salinity and the strength of the AMOC,
here we use two FRMs and four ORAs to investigate the role of salinity in modu-
lating both overturning and gyre freshwater transports across the Atlantic. We also
draw some useful comparisons between the meridional freshwater transports and the
meridional heat transports. This chapter begins with a brief overview of the mathe-
matical framework in Section 4.2. The components of the transports are investigated
in Section 4.3, followed by an analysis of the salinity distribution and its impact on the
freshwater overturning (Section 4.4) and gyre (Section 4.5) components. Discussion

and conclusions are presented in Section 4.6.

4.2 Mathematical Framework

In order to calculate transports across each latitudinal section, following a number of

earlier studies, notably Bryden and Imawaki (2001), the mean baroclinic freshwater and
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heat transports are decomposed into a mean vertical (overturning) and mean horizontal

(gyre) component:

1 0
Finean = Fov + Foyre = =5 / S)dz — = / / v"S" dzdx (4.1)
SJ-u
Qmean = Qov + ngre = PC / dz + pC / / V"T" dzdx (42)

where H is the ocean depth, W and E correspond to the western and eastern bound-
aries, (-) represents the zonal mean, the double prime ” denotes deviations from zonal
averages, S is the section averaged salinity, and v* corresponds to deviations of the
zonal mean meridional velocity from its section averaged values. In Eq. 4.2, p is the
seawater density and C), is the specific heat capacity of seawater. Positive (negative)

Frean and Qpeqn are northward (southward).

4.3 'Transport components

In Figs. 4.1a-c, the 1997-2010 F},cqn transports are shown with F,, and Fyy.. com-
ponents. The gyre component of these transports is anti-symmetric with similar mag-
nitudes but opposite sign around ~5°N, and we will return to this component later.
Unlike Fyyre, F,, magnitudes are quite different in each hemisphere. Throughout the
South Atlantic, Fy, is consistently small, although not consistently negative, ranging
from -0.07 to 0.1 Sv, and therefore Fjcq, is determined by Fj, ... All the products
show a slightly negative F,, at 34°S, supported by observations (Garzoli et al., 2013),
which has been suggested to indicate a bi-stable AMOC as discussed in Section 5.1.
In contrast, the North Atlantic has a large negative F,, peak reaching -0.6 Sv in the
ORAs, also consistent with the observations (McDonagh et al., 2010; McDonagh et al.,

2015). As a result, Fieqn is negative through the North Atlantic at least down to 20°N,
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due to the dominance of Fy, over Fyy,. in the subtropics. The North Atlantic negative
F,, peak in the FRMs is only about -0.3 Sv, consistent with the fresh FRM bias which

will be discussed later.
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Figure 4.1: The mean (a) freshwater (Sv) and (d) heat transports (PW) across the
Atlantic from 1997 to 2010, with their (b, e) overturning and (c, f) gyre components,
respectively. Observational transport estimates at various sections are also included
for comparison, using calculations based on Eq. 4.1 and Eq. 4.2.

Figure 4.1b also clearly shows consistency between the ORAs in reproducing F,
in both hemispheres, despite AMOC differences of up to ~8 Sv throughout the basin
(Fig. 3.1). This is perhaps surprising as the spread of the overturning heat component
Qo (Fig. 4.1e) is clearly sensitive to the AMOC differences (Fig. 3.5), determining
the spread in the mean heat component Qpeqn (Fig. 4.1d). The gyre heat transports
Qgyre (Fig. 4.1f) are much smaller in both basins, and agree with each other and with
the observations, supporting the consistent interior circulation shown by the model

products in Fig. 3.3 and Fig. 3.9.
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4.4 F,, and vertical salinity structure

The AMOC stream function shown in Fig. 4.2a transports freshwater northwards or
southwards depending upon the salinity difference between its northward moving upper
branch and its southward moving lower branch (NADW). Figure 4.2b shows the zonal
and depth averaged salinity difference between the upper and lower waters, AS, as a
function of latitude for the FRMs, ORAs and EN4.2.1. Note that a positive AS (i.e.
upper branch saltier than the lower branch) corresponds to a northward salt transport
and a southward freshwater transport (and vice-versa). The solid lines correspond to
the case where the boundary between upper and lower waters is set at 1200 m, AS1200m,
approximately separating the upper and lower AMOC branches (i.e. the depth of the
maximum AMOC stream function; Fig. 4.2a). Dashed lines have a dividing boundary
at only 300 m, AS300,m, chosen to match the shallow salinity stratification in the South
Atlantic. For the AMOC depth, ASi900:m is ~0.8 psu in the North Atlantic, but this
falls to ~0 psu in the South Atlantic. Therefore because the upper and lower branches
of the AMOC have similar salinity in the South Atlantic, the AMOC has very little
freshwater transports in this basin (Fig. 4.1b), even though the AMOC itself is strong
(Fig. 4.2a) and varies greatly between the different products (Fig. 3.1). This decoupling
between the AMOC and Fy, in the South Atlantic, due to a small ASy200:,, contrasts
with the large North Atlantic ASi200m and substantial Fy, between 20°N and 40°N.
Figure 4.2c shows the equivalent temperature differences, with AT1900:, steady at
~6°C in the South Atlantic, allowing the AMOC to still play a leading role in heat
transport throughout this basin (Fig. 4.1e). Furthermore, the wind driven Subtropical
Cells (STCs; Zhang et al., 2003), which counteract (enhance) the AMOC south (north)
of the equator in Fig. 4.2a, produce a sharp cross-equatorial @),, increase, but have
little effect on Fy, (Fig. 4.1b). Following the same approach as in Fig. 4.2, the AS;50m,
between the upper (0-150 m) and lower (150-300 m) STC branches is less than ~0.1 psu

(Fig. 4.3a), which acts to neutralise the STC circulation impact on Fy,. Unlike AS50,,,
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Figure 4.2: (a) The 1997-2010 AMOC stream function (Sv) computed as the mean of
all the model products. In (b) and (c) the 1997-2010 zonally averaged AS (psu) and
AT (°C) are divided at 300 m (dashed lines) and 1200 m (solid lines), respectively,
to separate the upper and lower branches. The horizontal black dashed lines in (a)
correspond to depths of 300 m and 1200 m shown in (b, ¢). Note the stretched vertical
axis in (a) between 0-1000 m, compared to 1000-5000 m.

the AT150., is ~8.2°C and ~8.8°C in the south and north STC cells, respectively (Fig.
4.3b), allowing these shallow circulations to contribute significantly to @, near the
equator. Note that all products show a north STC cell ~0.6°C warmer than the south
cell, consistent with the strongest Q,, north of the equator.

In order to understand the vertical salinity differences between the northern and

southern basins, Fig. 4.4a shows the zonally averaged salinity from EN4.2.1 with su-
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Figure 4.3: The ( (psu) and ( ) of the STCs adopting the depth of 150
m to separate thelr upper (0-150 m) and lower (150-300 m) branches. The south STC
cell from 5°S to the equator is represented by the left bar of each product, whereas the
north STC cell from 5°N to the equator corresponds to the right bars. The black bars
represent the annual standard deviation of the south and north STC cells.

perimposed AMOC stream function contours from Fig. 4.2a. The upper ocean salinity
maximum in the South Atlantic Subtropical Gyre (SASG) is weaker and decreases
rapidly with depth compared to the North Atlantic Subtropical Gyre (NASG), sup-
porting Fig. 4.2b. This is partly due to the very fresh AAIW formed at ~50°S, which
subducts under the SASG truncating the salinity core to much shallower depths. This
intermediate layer is even fresher than the NADW, so that the top 1200 m layer has
almost the same salinity as the NADW below (Fig. 4.4b), giving negligible AS;200m
up to ~10°N where the AAIW is curtailed. The surface salty core also weakens at the
latitude of the mean ITCZ (~5°N), producing a sub-surface salinity maximum before
it freshens again down to 300 m. This low-high-low salinity structure in the top 300 m
near the equator is consistent with the very small AS;50,, across the STCs (Fig. 4.3a).

AS1200m increases in the North Atlantic as the AAIW is replaced by the very salty

Mediterranean Water (MW). The MW helps to deepen and intensify the NASG upper
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Figure 4.4: (a) The 1997-2010 zonally averaged salinity (psu) from EN4.2.1 in the
Atlantic, superimposed with AMOC stream function (Sv) contours from Fig. 4.2. The
salinity profiles (psu) from (b) 20°S to 10°S and (c) 20°N to 30°N, are also shown
for all products. The vertical black dashed lines in (b, ¢) correspond to the 0-1200
m mean salinity from EN4.2.1. The depths of 300 m and 1200 m are represented by
the horizontal purple and black dashed lines in (a) and (b, c), respectively. Note the
stretched vertical axis.

layer salinity core (Blanke et al., 2006; Jia et al., 2007), giving high salinity down to
considerable depth in the profiles of Fig. 4.4c. The deep NASG salinity core leads to a
strong contrast between the upper and lower layer salinities (i.e. larger ASj200m ), which
then allows the AMOC to produce a strong freshwater transport in the subtropical
North Atlantic. The F,, strength, and hence the coupling between the AMOC and

the freshwater budget, is controlled by ASis00m,. This explains key results related to
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AMOC bi-stability arguments, for example how correcting the model salinity biases
significantly change the correlations between the AMOC strength and Fj, through the
basin (Mecking et al., 2017).

All the reanalyses show very good agreement with EN4.2.1 salinities in both South
and North Atlantic (Fig. 4.2b and Fig. 4.4b-c), due to the assimilation of salinity pro-
files and the additional SSS relaxation towards climatology in ORAP5 and CGLORSVS5.
The realistic zonal-depth mean salinities seen in the ORAs in both hemispheres also
lead to their consistent Fy, (Fig. 4.1b). The ORAs have larger ASi200,, in the North
Atlantic, in better agreement with EN4.2.1 than the FRMs, leading to a larger nega-
tive F,, peak there, which is closer to hydrographic inverse estimates (Fig. 4.1b). The
FRM upper layers (0-1200 m), even with SSS restoring, are fresher than EN4.2.1 in the
NASG. This is a common model deficiency possibly due to excessive MW mixing with
surrounding water masses (Jia, 2000; Jia et al., 2007; Legg et al., 2009), which DA helps
to mitigate in the ORAs (Fig. 4.4c). This upper fresh bias reduces the FRM vertical
salinity contrasts in the subtropical North Atlantic, giving their smaller negative F,
peak. In the SASG (Fig. 4.4b) the FRM biases are mostly confined to the top 250
m, and therefore project less onto the AMOC upper branch, supporting the better F,

agreement between all model products in the South Atlantic.

4.5 Fy,.. and horizontal salinity gradients

We have seen how the shallower (deeper) salinity core of the South (North) Atlantic
in Fig. 4.4 influences the F,, strength. We now evaluate the salinity and temperature
deviations from zonal averages, S” in Eq. 4.1 and 7" in Eq. 4.2, for particular depth
ranges upon which the gyre circulation acts. Figure 4.5 shows that ORA S” and T”
are much stronger in the upper 0-300 m relative to the 300-1200 m depth range in
both hemispheres, but especially in the South Atlantic. In contrast, the ORA gyre

circulations displayed in Fig. 4.6 clearly extend deeper, with the 300-1200 m depth
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range having similar or even larger gyre circulation strengths in areas such as the Gulf

Stream and the North Atlantic subpolar region.
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Figure 4.5: The ORA depth averaged S” (a, b) and T"” (d, e) for 0-300 m and 300-
1200 m, respectively. The black solid contour corresponds to 0 psu or 0°C. The ORA
meridional gyre freshwater (Sv) and heat (PW) transports are displayed in (c) and (f),
respectively, for the total depth (black) and 300 m-bottom (grey).

Although the gyre circulations are deeper, only the S” and T” in the top 300 m
make a significant contribution to the gyre freshwater and heat transports south of 30°N
(Fig. 4.5¢c, f), as the zonal salinity and temperature contrasts below 300 m are much
smaller (Fig. 4.5b, e). North of ~30°N there are still relatively large zonal deviations
in the 300-1200 m depth range due to contrasts caused by the Gulf Stream and, on the
eastern side, by the injection of the MW outflow at mid-depths. This leads to more
significant S” and T" contributions to the gyre transports below 300 m. Although not
shown, very similar patterns can also be found in the FRMs.

The gyres in Fig. 4.5¢ lead to freshwater convergence at ~20°S and ~35°N, acting
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Figure 4.6: The ORA gyre stream function (m? s~1) for (a) 0-300 m and (b) 300-1200
m. The black solid contour represents 0 m? s~!

s .

to balance the positive evaporation minus precipitation (E-P) at these latitudes. The
shallowness of the main Fy,,. transports in most of the basin is required to compensate
for this surface forcing (Fig. 4.7) which maintains the strong near surface salinity
gradients in Fig. 4.4a. This is also consistent with the fact that Fj,,. transports in
the North Atlantic look quite similar in magnitude to those in the south, with an

anti-symmetric pattern around the mean ITCZ location at ~5°N.
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Figure 4.7: The ORA gyre freshwater transports (Sv) in blue plotted against the ORA
E-P (mm day™1!) in orange for the period 1997-2010. The black dashed line represents
the latitude where the freshwater gyre transport equals zero just north of the equator,
matching the ITCZ negative E-P peak.

4.6 Discussion and Conclusions

The ocean transport components, particularly of freshwater, in both South and North
Atlantic are investigated in two NEMO FRMs and four ORAs over 1997-2010. We show
that variations in the strength of the freshwater overturning transport F,, through the
basin are largely explained by variations of the vertical salinity contrast AS1200m, based
on the separation between the upper and lower AMOC branches at ~1200 m. South
of ~10°N, the very fresh AAIW limits the evaporation-driven high salinity layer to
shallower depths. The average salinity through the top 1200 m is then almost the
same as the salinity below 1200 m consisting mostly of NADW. As a consequence
of this small ASq990m, seen in the FRMs, ORAs and observations, the AMOC, de-
spite transporting a substantial amount of heat at these latitudes, has only very small
freshwater transports. Even the shallow wind-driven STCs, which contribute to the
cross-equatorial heat transports, do not add significant freshwater transport to Fy, due
to the small AS between the upper (0-150 m) and lower (150-300 m) STC branches
near the equator. North of ~10°N F,, rapidly increases as the AAIW layer disappears

allowing the development of a substantial vertical salinity contrast between the AMOC
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branches, especially in the ORAs, and driving large southward freshwater transports
in the NASG.

Since a realistic ASq200.m effectively shuts off, or greatly weakens, first order feed-
backs between the AMOC changes and F,, throughout the South Atlantic, the use of
F,, at 34°S (e.g. Rahmstorf, 1996) as an indicator of the AMOC bi-stability must be
questioned. This feedback relies on F,, changing with the AMOC strength and acting
as the main feedback on the North Atlantic freshwater budget. Our results emphasise
that F, at 34°S is not strongly coupled to the AMOC, nor is it likely to be a significant
term in the freshwater budget, at least when compared to northern latitudes where Fy,
is nearly an order of magnitude larger. Therefore, our findings suggest that the second
feedback mechanism from box-models in Fig. 1.7 does not exist.

After correcting the salinity biases in the CMIP5 models, Mecking et al. (2017)
found large changes in the correlation patterns between the basin-scale Fj, and the
AMOC strength computed at 26.5°N. Correlations based on the modelled salinity fields,
which were significantly positive south of ~10°N, become very small after model salin-
ities are corrected (e.g. essentially zero at 34°S). This also shows that with a realistic
vertical salinity structure the wide range of AMOC strengths in CMIP5 models have
basically no impact on the South Atlantic F,,. This is consistent with our results:
although the FRMs and ORAs show large AMOC discrepancies (e.g. up to ~8 Sv; Fig.
3.1), they all give a consistently small F,, throughout the South Atlantic. They all
have a weak negative F}, at 34°S, also seen in the bias corrected CMIP5 models, but
significantly for the bi-stability argument, Fj, also varies in sign through the South At-
lantic (Fig. 4.1b). As shown by our investigation, the decoupling between the AMOC
and F,, exists at all latitudes south of ~10°N due to the negligible AS1200m, ensuring
the very small F, throughout the South Atlantic.

The Atlantic vertical salinity distributions, including the water mass formation
regions, are unrealistic in many climate models due to poor freshwater flux fields from

the atmosphere component. For example, in the majority of the CMIP5 models a fresh
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surface bias in the AATW formation region leads to a fresh, less dense and shallower
AAIW layer throughout the South Atlantic (Yin and Stouffer, 2007; Sallée et al.,
2013; Zhu et al., 2018). This fresh upper layer bias leads to a negative ASi200m,
explaining the spurious South Atlantic correlations between F,, and AMOC strength
in the uncorrected CMIP5 models (Mecking et al., 2017). However, there is no reason
why these correlated biases between different CMIP5 models would be relevant to
stabilizing or destabilizing feedbacks on the AMOC when ASi2ggs, is ~0 psu as in the
real system, because there would be no direct mechanism by which an AMOC change
could influence the AAIW water formation region and hence move AS1200,, away from
~(0 psu.

We also show that the freshwater gyre transport Fy,,.. mostly determines the South
Atlantic total transport Fieqn. At 34°S, Fyyre is consistently larger than F,,, so that
the total transport is actually northward and compensates for the net evaporation in the
subtropical South Atlantic. These Fy,,.. transports exhibit a marked anti-symmetric
pattern around the mean ITCZ location at ~5°N, redistributing freshwater within a 0-
300 m upper ocean layer in the subtropics of both hemispheres. In a freshwater hosing
experiment with an eddy-permitting coupled model, Mecking et al. (2016) showed that
the dominant response of Fyy.. at ~34°S is over twice as large as the changes in Fj,,
despite the total AMOC collapsed. Changes in E-P induced by an AMOC collapse,
such as an ITCZ shift, also support the large Fy,.. changes found by Mecking et al.
(2016) in the South Atlantic. Our analysis, combined with previous literature, suggests
that feedbacks associated with Fy,.. will likely dominate those associated with Fy,
throughout the South Atlantic, and thus would be more relevant in any AMOC bi-
stability scenario.

Yin and Stouffer (2007) and Mecking et al. (2016) instead suggest that a better
bi-stability indicator might be to measure F, across the NASG where the salinity
bias corrected CMIP5 models show the largest correlations between Fp,, and AMOC

strength (Mecking et al., 2017). Our results identify the substantial ASjs00,, in the
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NASG, particularly in the ORAs, where DA helps to reduce salinity biases, e.g. possibly
arising due to the excessive mixing of Mediterranean waters in the FRMs. However,
applying the same reasoning as for Fj, at 34°S, one would conclude that all models are
therefore unstable as they systematically simulate a large negative F, in the NASG
(see Fig. 4.1b and Mecking et al., 2017). As this does not appear to be the case, it
is evident that other feedbacks, oceanic as well as atmospheric, would likely play a

significant role in the instance of an AMOC weakening.
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CHAPTER b

SALT-ADVECTION FEEDBACK MECHANISMS WITHIN
CMIP5 MODELS

5.1 Introduction

The salt-advection feedback and AMOC bi-stability in climate models are typically
addressed by applying instantaneous freshwater perturbations (i.e. freshwater hosing)
to the North Atlantic (e.g. Huisman et al., 2010; Jackson, 2013; Mecking et al., 2016).
During and after the hosing is applied, the AMOC behavior is evaluated considering its
relationship with F,,, which has been shown to vary depending on the model complexity
and intensity of the hosing. Some freshwater hosing experiments in coarse ocean-only
and intermediate-complexity coupled models show that models with negative southern
F,, sustain a collapsed AMOC for longer times, and have a slower recovery than models
with positive southern Fy, (e.g. Rahmstorf et al., 2005). However, similar experiments
in more complex climate models, including eddy-permitting ocean components, reveal
a more diverse AMOC behavior, ranging from no evidence of an AMOC shutdown (e.g.
Stouffer et al., 2006) to a situation where a collapsed AMOC was maintained for 450
years (e.g. Mecking et al., 2016).

In addition to the uncertainties of the AMOC bi-stability in complex coupled mod-
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els, the strong response to large freshwater perturbations in hosing experiments also
drives strong non-linearities in the evolution of the coupled system, making it diffi-
cult to separate the individual contributions of velocity and salinity perturbations.
Assessing how the meridional velocity and salinity contribute to F,, variability is of
fundamental importance since the salt-advection feedback assumes that variability in
F,, is determined by the variability of AMOC rather than salinity throughout the
basin, i.e. dF,, = AS - di (Rahmstorf, 1996).

Instead of running freshwater hosing experiments, here we take a different approach
to study the salt-advection feedback. The internal variability of 10 centennial-scale
CMIP5 simulations, with both positive and negative F,,, at 34°S, are used to investigate
whether salt-advection feedback mechanisms in Fig. 1.7 can be detected on a range
of timescales. Specifically, we seek for evidences in the variability of these models to
clarify the following points: is the southern F,, variability dominated by changes in
the local circulation or salinities? What is the influence of the southern F,, and Fjy.
in contributing to freshwater content (FWC) changes throughout the basin? How far
north is the southern Fj, correlated to the AMOC transports?

In order to answer the questions above, the chapter is organised as follows. The
CMIP5 models and their main configurations are presented in Section 5.2. Section 5.3
provides the mathematical framework used for the investigation of the salt-advection
feedback mechanisms in Fig. 1.7. To set the stage, Section 5.4 evaluates the mean state
of the selected CMIP5 models, particularly focusing on the sensitivity of their mean Fi,
to the vertical salinity distributions. Section 5.5 evaluates the F, time components,
by calculating the contributions of meridional velocity and salinity variations to F,
anomalies on a range of timescales and across different latitudes. Freshwater budgets
are calculated in Section 5.6 to identify the main drivers of FWC changes through-
out the Atlantic from interannual to multidecadal timescales. Section 5.7 investigates
how far north the southern F,, and the AMOC transports are correlated on different

timescales. Finally, Section 5.8 ends the chapter with discussions and conclusions.
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5.2 CMIP5 models

To examine whether salt-advection feedback mechanisms are detected in climate mod-
els, we have selected 10 CMIP5 pre-industrial control simulations conducted by different
institutions and with distinct ocean and atmospheric models (see Tab. 5.1). In these
simulations, the greenhouse gas emissions, volcanic and anthropogenic aerosols, as well
as radiative forcing are held constant at pre-industrial levels, therefore removing from
our analyses any influence of external climate forcing variations. The length of these
pre-industrial runs varies according to each model in Tab. 5.1, ranging from 300 years
in IPSL-MR to 1000 years in IPSL-LR. More details on the CMIP5 experiment design
can be found in Taylor et al. (2012).

The 10 selected CMIP5 models are separated into two groups of 5 models, based
on the sign of their mean F,, at 34°S (hereafter F3#%). The model choices were strate-
gically made to be representative of different Fgﬁs values, including extreme cases of
negative and positive F>4 which range from -0.17 Sv to 0.7 Sv. In Tab. 5.1, the
ocean models employed are NEMO (Madec, 2008), the Parallel Ocean Program version
2 (POP2.0; Smith, 2010), the Modular Ocean Model version 4 (MOM4; Griffies, 2009)
and the Generalized Ocean Layered Dynamics (GOLD; Adcroft and Hallberg, 2006).
Similarly, the atmospheric models used are the fifth-generation of the ECMWF Ham-
burg atmospheric model (ECHAMS5; Roeckner, 2003), the Community Atmosphere
Model version 4 (CAM4; Neale, 2003), the atmospheric model of the Laboratoire de
Météorologie Dynamique (LMDz; Remaud et al., 2018) and the Atmospheric Model
Version 2 (AM2; Lin, 2004). Some CMIP5 simulations, such as BCC-CSM1 and
CSIRO-MK3, use atmospheric models from their own institutions, respectively, the
BCC-AGCM2.1 (Xin et al., 2013) and Mk3-AGCM2 (Gordon et al., 2010). The av-
erage horizontal resolutions of the ocean and atmospheric components are also given
by Tab. 5.1. All the ocean models employ z-level vertical coordinates, except for

GFDL-ESM2G which has isopycnal coordinates but its data are stored on z-levels in
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the CMIP5 database.

With respect to different CMIP5 simulations belonging to the same institution in
Tab. 5.1, they basically differ because of the horizontal resolution employed. For ex-
ample, CMCC-CM has a much higher atmospheric resolution of 0.8° when compared
to 3.7° from CMCC-CMS. Similarly, IPSL-LR has low horizontal resolution in both
atmospheric and ocean models, whereas IPSL-MR employs medium horizontal resolu-
tions for both models. The detailed configurations of each individual CMIP5 model
can also be found in the references of Tab. 5.1, including all the information about

their land and sea-ice components as well.

5.3 Mathematical framework

Fo, and Fyype (see Eq. 4.1) are calculated using the monthly mean model output, and
the derived monthly fields are averaged over each year to produce annual-mean time
series. Temporal variability in the annual-mean time series of Fy,, is decomposed into

contributions from meridional velocity and salinity using the following equations:

Foy)=w-8)=@+)(S+9) =08 +v5 +9'S+5 (5.1)
Fou(y) =08 + 'S (5.2)
Fov/(y) = Fov (y) - Fiov(y) — @Sl + 'Ulg + U/S/ — TSI (53)

where y corresponds to each latitude, the overbar represents the long-term mean, the
prime ’ represents deviations from the long-term mean, and the top-to-bottom inte-
grals of v and —(S)/ S in Eq. 4.1 are simplified to v and S, respectively. Since the
term ©’S’ has a negligible contribution in our analyses, the final equation can then be

approximated to:
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Fo'(y) = Fou(y) — Fou(y) =08 + 'S + 'S’ (5.4)

The left-hand side of Eq. 5.4 is the Fy,(y) anomaly with its long-term mean removed
at each latitude. The first and second term on the right-hand side of Eq. 5.4 represent,
respectively, the contributions from salinity and velocity anomalies from their long-term
means, whereas the last term denotes the covariability between salinity and velocity
anomalies.

Fields of FWC are also obtained on a monthly basis and then are averaged over

each year, according to the equation:

y2 rE psfc _ 3
FWC = —/ / / S(y,m,;z) S) dzdzdy (5.5)
yl Jw Jbot S(y)

where salinity anomalies, relative to section averaged values (5’ ) at each latitude, are
integrated from the surface to the bottom of the ocean and over a domain enclosed by
two latitudes y1 and y2, and by the western (W) and eastern (E) boundaries.

The Atlantic freshwater budget is calculated for the models which have the fresh-
water surface fluxes already available on their ocean grids in the CMIP5 database.
These models are the ones with a star before their names in Tab. 5.1. FWC changes
are estimated as the difference between two successive months of January, following
the same approach employed by Deshayes et al. (2014) in a CMIP5 model intercom-
parison of North Atlantic freshwater budgets. Changes in FWC can be attributed to
combinations of surface fluxes, advective and diffusive fluxes of freshwater across all
lateral boundaries of the budget domain. However, similarly to Deshayes et al. (2014),
a budget residual term had to be considered due to missing components in the CMIP5
database: (i) diffusive fluxes are not available in the CMIP5 database for any chosen
model in Tab. 5.1; and (ii) the parameterized contribution of resolved mesoscale pro-
cesses to tracer advection, i.e. Gent-McWilliams (GM) parameterization (Gent and

McWilliams, 1990), is also not available for these models. Even with these approxima-
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tions, the Atlantic freshwater budgets are nearly closed on different timescales, with the
residuals having a much smaller variability than the other budget terms, as discussed

in Tab. 5.2. The freshwater budget equation is described as follows:

FN _FS=E—-P+R+RES (5.6)

where FV and F*® respectively correspond to the total freshwater transports at the
northern and southern boundaries, E-P+R represents the evaporation minus precipi-
tation plus runoff, and RES is the residual term.

In order to evaluate the main drivers of FWC changes between any two latitudes
in the Atlantic, the covariance of each budget term with FWC changes is normalised

by the variance of FWC changes, as shown by the following equation:

cou(FS FWC)  cov(Fpye, FWC)  cov(FN, FWC) = cov(Fl,..FWC)

oV’ oV

a?2(FWQC) a?2(FWQC) a?2(FWQC) a?2(FWQC) (5.7)
cov(E— P+ R, FWC)  cov(RES,FWC) cov(FWC,FWC) ) .
a?2(FWQC) o2(FWC) a?2(FWQC) B

The sum of all the terms in Eq. 5.7 must be 1. It is also worth noting that all the
analyses are performed on the original model grid and the time-series have their linear

trends removed.

5.4 Mean state

Figure 5.1 shows the zonally averaged salinity biases relative to EN4.2.1 for the two
CMIP5 groups based on Fj, sign at 34°S. The time interval chosen in EN4.2.1 is from
1900 to 1915 as this might represent more consistently pre-industrial conditions rather
than longer time intervals. The CMIP5 salinity biases are quite uniform throughout
the basin, but show different vertical distributions between the two groups. Models

with positive F245 (Fig. 5.1a) have a notable near surface layer of negative S biases up
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to -1.5 psu, which is counteracted by a much deeper layer of positive S biases, between
0.3 and 0.6 psu, extending to the ocean bottom. In contrast, models with negative
F3%5 (Fig. 5.1b) show opposite vertical distributions, with negative S biases in the

bottom layer being compensated by a layer above of predominantly positive S biases.
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Figure 5.1: The zonally averaged salinity biases (psu) relative to the 1900-1915 EN4.2.1.
Figures (a) and (b) represent the ensemble mean of CMIP5 models with positive and
negative Fy, at 34°S, respectively. The black contours correspond to the zonally av-
eraged salinities from EN4.2.1. The green dashed lines represent the depth of 1200
m.

The advection of large positive and negative S biases within different depth ranges
may be associated with salinity discrepancies in the formation region of water masses

(Sallée et al., 2013; Zhu et al., 2018). For example, according to Fig. 5.2a, all models
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with positive F3*¥ have their salinity minimum located between 300 m and 600 m,
indicating a shallow AAIW. This upward displacement of the AAIW position is consis-
tent with fresh waters near the surface in the South Atlantic, followed by salty waters
below (Fig. 5.1a). Although models with negative Fit¥ better reproduce the AATW
position and the upper salinity structure in the southern Atlantic, their AAIWs are
still ~0.3 psu saltier than EN4.2.1 (Fig. 5.2b), consistent with the advection of positive

S biases in the upper 1200 m (Fig. 5.1b).
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Figure 5.2: The zonally averaged salinity profiles between 34°S and 20°S for the 10
chosen CMIP5 models, divided into groups with (a) positive and (b) negative F245.
The 1900-1915 EN4.2.1 is also shown for comparison. Note the stretched vertical axis
in (a) and (b) between 0-1200 m, compared to 1200-4500 m.

The contrasting salinity distributions, seen in Fig. 5.1a and Fig. 5.1b, result in
opposite signs of ASis9pm between the two CMIP5 groups in the southern Atlantic
(Fig. 5.3). In Fig. 5.2a, the 0-1200 m salinity branch is fresher than the deep branch,
resulting in a negative AS1200:m» and therefore in an import of freshwater into the basin
by the AMOC (i.e. a positive Fy, at 34°S). Conversely, an upper branch saltier than

the deep branch (Fig. 5.2b) develops a positive AS1200,, and a negative Fy, (Fig. 5.3).
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In addition to Fy, sign, Fig. 5.3 shows that AS1200,, also controls the inter-model Fy,,
spread in the southern Atlantic, with a linear regression coefficient of 0.91 between both
quantities. This is consistent with the role played by the vertical salinity contrasts in
driving Fj,, as seen in Chapter 4, and explains the large sensitivity of the southern F,,,

when salinity bias corrections are applied in the CMIP5 models (Mecking et al., 2017).
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Figure 5.3: Scatter plot of mean ASi200,, and Fy, between 35°S and 30°S for the 10
chosen CMIP5 models. The vertical grey shading represents F,, observational estimates
in the southern Atlantic from Garzoli et al. (2013), whereas the horizontal grey shading
corresponds to the annual range of 1900-1915 EN4.2.1 AS1200m-

The AS1200m, influence over Fy, also extends throughout the basin (Fig. 5.4). The
CMIP5 models with negative F3*9 show less spread in ASisgom, (Fig. 5.4b) than
models with positive F29 (Fig. 5.4a), consistent with Fig. 5.2. As a result, the inter-
model spread in Fy, is smaller in the former (Fig. 5.4d) than in the latter group (Fig.
5.4c). However, the inter-model spread of both CMIP5 groups is much larger than the
inter-model spreads in ASy200:m and Fy, exhibited by the FRMs and ORAs from Tab.
2.1, which all have mean values close to zero in the South Atlantic. Obviously, one
would expect salinity drifts to develop in such long spin-up CMIP5 runs, limiting these
unconstrained models to properly represent the mean vertical salinity distributions and

therefore the mean F,, across the basin.
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ov
grey shading corresponds to the inter-model range from the ensemble of FRMs and

ORAs (Tab. 2.1).

Despite the large AS1200m, differences relative to the FRMs and ORAs, those CMIP5
models with large cancellation of vertical salinity biases seen in Fig. 5.1 can still show
a ASj200m very close to zero in the South Atlantic, such as IPSL-MR (Fig. 5.4b).
Consistent with the findings of Chapter 4, the negligible AS1900:,, of IPSL-MR produces
a very small South Atlantic F,,. A very similar situation also occurs with the BCC-
CSM1 model (Fig. 5.4a), particularly between 20°S and 10°N. Other models, such as
CSIRO-Mk3 and BNU-ESM, show more extreme patterns of ASqg00,, and therefore
F,, in the South Atlantic. CSIRO-Mk3 F,, decreases almost linearly from ~0.3 Sv to
-0.2 Sv throughout the South Atlantic, matching the almost linear increase of ASi200m
within the same latitudes. Due to its very fresh 0-1200 m branch (Fig. 5.2), BNU-ESM
has the largest AS1200m and Fy,, magnitudes among these CMIP5 models in the South
Atlantic, which is even comparable to their peaks in the subtropical North Atlantic.

In Fig. 5.4e-f models with positive F345 have larger AMOC strengths than models
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with negative F245. In fact, Mecking et al. (2017) show that there is an inter-model
correlation of 0.73 between the AMOC strength at 26.5°N and F2*% | which is driven by
salinity biases in CMIP5 models. According to Mecking et al. (2017), CMIP5 models
with stronger AMOCs lead to warmer SSTs and therefore more evaporation in the
North Atlantic, which makes this region saltier. The salinification of the North Atlantic
basin is then counteracted by a freshwater import by the AMOC in the near surface
layers of the southern Atlantic, consistent with the vertical salinity biases (Fig. 5.1a)
and the positive F329 (Fig. 5.4c) in this region. Conversely, models with weaker
AMOCs would have less evaporation in the North Atlantic and less import of freshwater
through the surface layers of the southern Atlantic, showing a vertical salinity bias
structure (Fig. 5.1b) which favours a negative For% (Fig. 5.4d).

Despite the large AMOC strength differences between the two groups of CMIP5
models, the interannual AMOC variability at 34°S and 26°N is insensitive to Fj, sign
and magnitude at 34°S, with very small linear regression coefficients of 0.05 and 0.09,

respectively (Fig. 5.5).
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Figure 5.5: Scatter plot of interannual AMOC variability (Sv) at 34°S (top) and at
26°N (bottom) against F,, (Sv) at 34°S for the 10 CMIP5 models.
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5.5 F,, time components

An implicit assumption of the salt-advection feedback proposed by box-models (Fig.
1.7) is that F,, variability is primarily determined by the meridional velocity variability
rather than by the salinity variability throughout the Atlantic (Rahmstorf, 1996). Fig.
5.6 shows the decadal F,, variability in the southern Atlantic decomposed into salinity
and velocity variations, together with the contributions due to their covariability (see
Eq. 5.4). Regardless of F3!9 sign, 7 out of 10 CMIP5 models in Tab. 5.1 have a
southern Fy, variability that is more correlated with local salinity variations than with
local circulation changes. Specifically, in BCC-CSM1 and GFDL-ESM2G, 75" accounts
for 93% and 96% of the southern Fy, variability, much larger than the contribution of
28% and 43% from v'S, respectively. Although the relative contribution of meridional
velocity anomalies are more relevant in CSIRO-Mk3, CCSM4, CMCC-CM, FIO-ESM
and IPSL-MR, these models still show a greater dominance of 7S’ over v'S on decadal
timescales.

Unlike the southern Atlantic, the region between 26°N and 40°N shows a clear
dominance of the meridional velocity anomalies in determining F,, for all the 10 CMIP5
models (Fig. 5.7). The contributions of salinity anomalies to F,, largely decrease in
this region, and for some models 7S’ has comparable contributions to v'S’, which is a
very small term in both Fig. 5.6 and Fig. 5.7. Our findings are consistent with Cheng
et al. (2018), which show that the decadal Fy, variability in two other CMIP5 models
are mostly dominated by salinity variations, except in the subtropical North Atlantic
(i.e. 20°N-40°N).

In order to investigate how meridional velocity and salinity anomalies contribute
to F!, on different timescales, Fig. 5.8 and Fig. 5.9 display the R? coefficient of
F!, with ©S” and ¢S in the South and North Atlantic, respectively, as a function of
timescale. In the former region (Fig. 5.8), many CMIP5 models show a rapid increase

(decrease) of ©S’ (v'S) contributions with increasing timescale. In models belonging to
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lines; Sv), with contributions from salinity (red line) and velocity (green line) variability,
as well as from their covariability (cyan line) for the region between 34°S and 20°S.
The R? values between F and its components are indicated by the respective colors.

The CMIP5 groups with positive and negative

F319 are displayed on the left and right

panels, respectively. Note the different time intervals for each CMIP5 model.
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Figure 5.7: Eleven-point running averages of the annual-mean time series of F, (black
lines; Sv), with respective contributions from salinity (red line) and velocity (green
line) variability, as well as from their covariability (cyan line) for the region between
26°N and 40°N. The R? values between F! and its components are indicated by the
respective colors. The CMIP5 groups with positive and negative F(;%S are displayed on
the left and right panels, respectively. Note the different time intervals for each CMIP5
model.

both F;;%S groups, such as CCSM4, CSIRO-Mk3, CMCC-CM, FIO-ESM and IPSL-MR,

7S’ becomes larger than v'S contributions on timescales greater than approximately 5
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Figure 5.8: R? of F,, anomalies with its contributions from salinity (red) and velocity
(green) anomalies, as a function of timescale, considering the region from 34°S to 20°S.
The CMIP5 models with positive and negative F3%% are displayed on the left and right
panels, respectively.

years in the southern Atlantic. In models with southern F), variability driven almost
entirely by salinity variations, such as BCC-CSM1 and GFDL-ESM2G (Fig. 5.6),
S’ dominates F, contributions from interannual timescales. In the North Atlantic
(between 26°N and 40°N), consistent with the large dominance of v'S in Fig. 5.7, the
local circulation changes control F,, variability on all timescales (Fig. 5.9).

A similar decomposition can also be done for ASis00, anomalies. Fig. 5.10 dis-
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Figure 5.9: R? of F,, anomalies with its contributions from salinity (red) and velocity
(green) anomalies, as a function of timescale, considering the region from 26°N to 40°N.
The CMIP5 models with positive and negative F 5’;15 are displayed on the left and right
panels, respectively.

plays the annual-mean time series of ASis00,, anomalies throughout the Atlantic for
each CMIP5 model, and contributions from the upper and lower S anomalies. In all
models and in EN4.2.1, AS1500,» anomalies are primarily driven by 0-1200 m salinity
variations. The deep salinity anomalies become larger north of ~30°N only in a few
models, showing a more meridionally coherent pattern and a much lower frequency

variability when compared to the upper salinity anomalies.
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Figure 5.10: Eleven-point running averages of annual-mean ASj200,, anomalies (psu)
decomposed into contributions from upper salinity anomalies (0-1200 m) and lower
salinity anomalies (1200 m-bottom) for all the 10 CMIP5 models in Tab. 5.1. The
bottom panel corresponds to 1900-1915 EN4.2.1 data. Note the different time intervals
for each CMIP5 model.
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Although upper salinity anomalies dominate ASqs9g,, variability, their amplitudes
greatly vary between the CMIP5 models. Even within models, ASj2q0,,, anomalies have
different amplitudes throughout the basin. In several models, and in EN4.2.1, AS1200/m
anomalies are larger in the northern rather than in the southern Atlantic. For instance,
GFDL-ESM2G and CSIRO-Mk3 show AS1200,, anomalies mainly ranging from -0.01 to
0.01 psu south of ~10°N, whereas north of ~10°N they lie within a much greater range,
i.e. from approximately -0.08 to 0.08 psu. These meridional differences, particularly in

terms of FWC, are evaluated in the next section.

5.6 Changes in freshwater content

One of the key salt-advection feedback assumptions in box-models is that changes in the
southern F, perturb the meridional density differences between the southern ocean and
the northern Atlantic, and as such, they feedback on the northern AMOC (Rahmstorf,
1996; Cheng et al., 2018). We follow the same domains as in Cheng et al. (2018) to
evaluate the relative importance of the southern ocean (54°S-34°S) and the northern
Atlantic (45°N-65°N) in determining the variability of top-to-bottom meridional FWC
differences. As seen in Fig. 5.11 for all CMIP5 models and EN4.2.1, 45°N-65°N FWC
changes explain much more of the north-south FWC differences than 54°S-34°S FWC
changes, on decadal time scales. The dominance of the northern Atlantic FWC in
setting the variability of north-south FWC gradients is reinforced by their large R?,
above 0.7 in almost all CMIP5 models, regardless of their F3+5 sign. This is also
supported by the larger amplitudes of 0-1200 m salinity anomalies in the northern
rather than in the southern Atlantic for several CMIP5 models in Fig. 5.10.
Freshwater budgets can also be a very useful approach to test whether Fy, at
34°S is the main driver of meridional FWC perturbations, seeking for complementary
findings relative to the results in Fig. 5.11. Therefore, Tab. 5.2 shows the freshwater

budget components between 34°S and 40°N on decadal timescales. This is done only
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Figure 5.11: Eleven-point running means of the zonally averaged northern Atlantic

FWC (m) in blue, plotted against the difference between the zonally averaged northern
Atlantic and southern ocean FWC (m) in orange. The evaluated regions are 54°S-34°S
and 45°N-65°N, respectively. The CMIP5 models are divided into groups with positive
(left panel) and negative (right panel) F29. The bottom centered figure corresponds
to EN4.2.1. Note the different time intervals for each CMIP5 model and EN4.
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for models in Tab. 5.1 which have the surface freshwater fluxes already available on
their ocean grids in the CMIP5 database. It is worth noting that the budgets do not
include lateral diffusion terms and the effects of GM parameterizations. Even with
these approximations, the variability of the budget residuals is small when compared
to other terms in Tab. 5.2. A budget residual term was also considered by Deshayes
et al. (2014) in the North Atlantic freshwater budgets using several CMIP5 models.
Only one model used by Deshayes et al. (2014) had available lateral diffusion and GM
components, with these two terms contributing very little to the budget variability
from interannual to multidecadal timescales.

Table 5.2: Decadal freshwater budget components (mSv) and their variability between
34°S and 40°N. The second and third columns represent the total freshwater transport
at 34°S and 40°N, respectively, whereas the fourth column corresponds to the freshwater
transport convergence into this region. CMIP5 models above and below the thick solid
line have negative and positive F5*5, respectively. The sign is positive when the flux

is into the budget domain, and vice-versa.

Model FWT FWT FWT E-P+R FWC Residual
34°S 40°N conv. (mSv) changes (mSv)
(mSv) (mSv) (mSv) (mSv)

CMCC-CM 263 £19 4424+ 38 705 £43 -817+39 -5+39 107+£8

CMCC-CMS 194 £29 477 +£32 671+£39 -760£44 -1£35 88 +£9

ISPL-LR 273 +£22 489 4+£39 762 +44 -853+£28 038 91 +11

IPSL-MR 361 £23 519+£30 880+32 -996 40 -3+31 113+6

CSIRO-Mk3 480 £19 441 £38 921 £45 -1012+29 -9 +£41 82+ 8
GFDL-ESM2G 373 +£32 518 £47 891 +£58 -957+40 0+£52 64+13

The decadal variability of the freshwater transport convergence, i.e. the sum of
freshwater transports at 34°S and 40°N, is dominated by its northern boundary trans-
ports in almost all models from Tab. 5.2. The total freshwater transport variability at
40°N can be double the transport variability at 34°S for some models, such as CMCC-
CM and CSIRO-Mk3. The only exception is CMCC-CMS, which shows equivalent
southern and northern transport variability, and CMCC-CMS is the only model with
decadal FWC variability in the northern Atlantic explaining less than 70% of the north-

south FWC differences (Fig. 5.11). Although most CMIP5 models in Tab. 5.2 agree
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on the dominance of the northern over the southern transport variability, the resulting
freshwater transport convergence does not necessarily represent the largest contribu-
tion to the decadal FWC budget changes between 34°S and 40°N. For instance, E-P+R
shows slightly greater decadal variability than the freshwater transport convergence in
CMCC-CMS and IPSL-MR.

Considering the mean states, models with positive F3%° and therefore stronger
AMOCGs (Fig. 5.4), such as CSIRO-Mk3 and GFDL-ESM2G, do have larger negative
values of E-P4+R compared to most of the models with negative F345 in Tab. 5.2.
This supports our previous discussion, based on Mecking et al. (2017), that models
with stronger AMOCs lead to warmer SSTs, more evaporation and a saltier North
Atlantic, which is then balanced by an import of freshwater into the basin by the
AMOC, resulting in a positive Fo25.

The contributions of the budget components in explaining FWC changes between
34°S and 40°N are evaluated on a range of timescales in Fig. 5.12. This is done by
calculating the covariance of each budget term with FWC changes, normalised by the
variance of FWC changes (see Eq. 5.7). Therefore, all the normalised covariances, in-
cluding from the residuals, must sum to 1. In Fig. 5.12, the total freshwater transports
are also decomposed into Fy, and Fy,,. for a more detailed investigation of the budget
contributions. The most important driver of 34°S-40°N FWC changes varies between
E-P+R and the northern F,,, depending on the CMIP5 model and the respective
timescale. In general, there is a larger contribution of the advective fluxes, particularly
the northern Fj,, with increasing timescale. However, it is worth noting that in some
CMIP5 models, such as CMCC-CM, CMCC-CMS and IPSL-MR, the contribution of
the southern Fyy.. to 34°S-40°N FWC changes also increases with timescale, becoming
the largest advective flux on multidecadal timescales.

The southern F,, explains less than 12% of the total FWC changes in all models,
regardless of the timescale, and its contribution to the freshwater budget between 34°S

and 40°N is the smallest, apart from the residual term. Therefore, the normalised
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Figure 5.12: The covariance of each budget term with FWC changes normalised by the
variance of FWC changes (Eq. 5.7, considering the region between 34°S and 40°N).
The sum of all normalised covariances, including the one from the residual term, equals
1. The normalised covariances are evaluated on interannual, decadal and multidecadal
timescales. The prefix ”S-" and "N-" denote southern and northern transports, respec-
tively.
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covariance of the southern Fy,.. with FWC changes is always equal, or more impor-
tant, than for the southern F,, in Fig. 5.12. These findings support previous studies,
reinforcing the key role played by the southern Fj,,.. in contributing to the Atlantic
freshwater budgets (e.g. De Vries and Weber, 2005; Sijp, 2012; Ferreira et al., 2018).

In order to better investigate the spatio-temporal patterns of the Atlantic freshwater
budgets, the normalised covariances of each budget term with FWC changes, as in Eq.
5.7, are calculated from interannual to multidecadal timescales from a fixed southern
boundary at 34°S to a varying northern boundary, from 33°S up to 50°N. Figure 5.13
and Fig. 5.14 show these spatially-varying normalised covariances specifically for the
southern and northern transport components, respectively, whereas Fig. 5.15 shows
the total advective fluxes at the southern and northern boundaries along with E-P+R.
The budget residuals are not shown since they always represent less than ~20% of the
total FWC changes in all regions and timescales in Fig. 5.15.

Therefore, Fig. 5.13 provides a complete view of how far north the southern F,, and
Fyyre influence FWC changes. Supporting the findings in Fig. 5.12, the contribution
of F345 in driving FWC changes decreases rapidly moving north through the South
Atlantic in all models, and is restricted to the region south of the equator. However,
the influence of Fgffe extends farther north in CMCC-CM, CMCC-CMS and IPSL-
MR, particularly on longer timescales. In fact, the budget contributions from the total

transports at 34°S are dominated by Fy,,. rather than Fj,,. This is true even for GFDL-

F34S

ESM2G, which shows a strong compensation of the budget contributions from Fg =

and 2% in the southern Atlantic. It is worth noting that F 93;11:1 mainly drives FWC

F34S

changes (i.e. positive covariances) in all models, except for GFDL-ESM2G where Gyre

acts to dampen FWC changes (i.e. negative covariances). Interestingly, GFDL-ESM2G
is the only model with isopycnal coordinates from Tab. 5.1, whereas the other models
are all based on z-levels. This very distinct behavior of GFDL-ESM2G budgets could
be due to the isopycnal nature of the model, or perhaps could be associated with issues

in the interpolation step from isopycnal coordinates to z-levels in the CMIP5 database.
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Figure 5.13: Normalised covariances of the southern Fyy.., F,, and total transports
with FWC changes as in Eq. 5.7, considering a fixed southern boundary at 34°S and a
moving northern boundary from 33°S to 50°N. The spatially-varying normalised covari-
ances are evaluated from interannual to multidecadal timescales. The black contours
correspond to either negative or positive normalised covariance values of 3, 4 and 5.
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F,, and Fyy,. at the northern, moving boundary usually have the same sign (Fig.
5.14) and play a role in dampening FWC changes south of ~15°S, but this shifts to
driving FWC changes north of the equator. Although they often agree on the covariance
sign, when the northern boundary moves into the North Atlantic, F,, becomes the
dominant advective term driving FWC changes in regions further south, mostly being
larger than the northern Fg,... This is interesting as it reveals a change of roles
between Fyy.. and Fy, in the southern and northern boundaries: while Fg’;rse is the
dominant southern advection term in explaining South Atlantic FWC changes, F,
becomes the dominant northern advection term in contributing to North Atlantic FWC
changes. Therefore, F,, is most likely to feedback with the AMOC in the North
Atlantic, supporting the views of Yin and Stouffer (2007), Mecking et al. (2016) and
the ORA results of Chapter 4.

E-P+R is also a strong component in both South and North Atlantic FWC vari-
ability, most of the times acting to balance the FWC changes induced by the northern
freshwater transports. For example, in almost all models from Fig. 5.15, E-P+R drives
long-term FWC changes south of ~15°S, along with the southern Fj,,., with resultant
FWC changes compensated by advective fluxes on the northern boundary. North of
the equator, the balance between E-P+R and the northern advective fluxes also occurs
for some models, although this is not true for all latitudes, such as for the budgets
between 34°S and 40°N (see also Fig. 5.12), where both are involved in driving FWC
changes.

Although there are common patterns in the budgets, such as the clear dominance
of F, 5’;;96 over F3% in contributing to FWC changes in the South Atlantic, it is evident
that the budgets greatly vary among these CMIP5 models. Considering only the budget
domain between 34°S and 40°N (Fig. 5.12), some models have E-P+R as the main
driver of FWC changes, whereas other models have the advective fluxes, particularly

the northern F,,, as the main driver. These differences between the freshwater budgets

in CMIP5 models can also be seen in Fig. 5.15, for example with GFDL-ESM2G
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showing very different normalised covariances with FWC changes, especially in the
South Atlantic, when compared to other CMIP5 models. Similar CMIP5 variations
were also found by Deshayes et al. (2014) in the North Atlantic freshwater budgets,
where the roles of surface fluxes and advection in governing FWC changes were seen

to be model-dependent.

5.7 Southern F,, correlations with the AMOC

In the last section, we have shown that the influence of F345 in contributing to FWC
changes is restricted to the South Atlantic and is often very small. This result calls
into question one of the salt-advection feedback assumptions, which states that F3>5
perturbs the north-south FWC gradients and therefore feeds back on the northern
AMOC (Stommel, 1961; Rahmstorf, 1996). In order to better understand the rela-
tionship between F3*% and the AMOC, Fig. 5.16 shows their correlations throughout
the basin on a range of timescales. First, it is evident that the relationship between
F3%5 and the AMOC is not meridionally coherent in the CMIP5 models from Tab.
5.1, with correlation values quickly approaching zero in the South Atlantic, regardless
of the timescale. The only exception is CSIRO-Mk3 which shows larger correlations
throughout the basin, particularly on longer timescales.

Even in the southern Atlantic, CCSM4, BCC-CSM1, GFDL-ESM2G and IPSL-MR
show relatively small correlations between F3%% and the AMOC, lying in the range
between 0.2 and 0.5. In addition, one would expect that the correlations between F2+5
and the southern AMOC would increase with longer timescales, but the opposite occurs
for many models in Fig. 5.16. This is explained by the increasing role of the salinity
distributions in determining southern F,, variations on longer timescales (Fig. 5.8).
In BCC-CSM1 and GFDL-ESM2G, the salinity changes dominate the southern Fp,
variability on interannual timescales, which is also consistent with the relatively low

correlations between F329 and the southern AMOC in these models.
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Figure 5.16: The Pearson correlation between F2*5 and the AMOC throughout the
basin, calculated with significance level of 95% and considering from interannual to
multidecadal timescales. The CMIP5 models are divided into groups with positive (left
panel) and negative (right panel) F345. The black contour corresponds to a correlation

value of 0.7.

Finally, the sign of ASjs00m, in the CMIP5 models determines the way F3*9 cor-

relates with the AMOC in the southern Atlantic. In CMIP5 models with a positive
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ASi900m, and therefore a negative F5*5 the AMOC exports freshwater out of the

ov )

basin. This means that an AMOC increase results in a decrease of F3*. Conversely,

ov
in CMIP5 models with a negative ASys00,;, and therefore positive FOP’;‘S , an AMOC
increase results in an increase of ngs . It is worth noting that ASi990., in the southern
Atlantic is close to zero in EN4.2.1, but is often biased one way or another in the CMIP5
models, ranging from approximately -0.8 psu to 0.3 psu (Fig. 5.3), and so distorting

how F3%5 correlates with the AMOC between the two CMIP5 groups.

5.8 Discussion and Conclusions

The salt-advection feedback is characterized by a feedback loop between the AMOC,
the meridional advection of salt, and the meridional density gradient, which was pro-
posed to be triggered by changes in the southern Atlantic (Fig. 1.7). This basin-scale
feedback has its origin in simple box models, but it is yet unclear how it applies to more
complex climate systems. Here, we evaluate the internal variability of 10 pre-industrial
CMIP5 simulations (Tab. 5.1) as an approach to investigate the robustness of the
salt-advection feedback mechanisms and the timescales on which they operate. From
these 10 centennial-scale simulations, two groups of five models are defined, based on
the sign of F345,

Supporting previous results of Jackson (2013) and Mecking et al. (2017), the sign
of F349 in these CMIP5 models depends on their salinity biases and how these project
on the salinity contrasts between the upper and lower AMOC branches (i.e. ASi200m,)-
Models with positive F, 5’;15 have a very shallow AAIW layer, showing too fresh waters
near the surface and too saline waters at depth in the South Atlantic (i.e. ASi200m <0).
Conversely, models with negative F 3;*5 have an opposite bias structure, being too saline
near the surface and too fresh at deeper levels (i.e. ASj200m,, >0). In addition to the
sign, AS1200m also controls the magnitude of the South Atlantic Fy,, explaining 90%

of the inter-model spread in F245. This reinforces the findings of Chapter 4 that F,,
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strength is primarily determined by the AMOC salinity contrasts, instead of by the
AMOC strength throughout the South Atlantic.

The dominance of the salinity in determining the southern Fj, also extends to the
time variability, particularly on 5-year and longer timescales. For instance, 7 out of
10 CMIP5 models have local salinity variations rather than local circulation changes
determining decadal F,, anomalies between 34°S and 20°S. In the northern subtropics
(i.e. 26°N-40°N), however, it is the meridional velocity which clearly dominates Fy,,
variability in all models and on all timescales. Similar patterns are also noted by
Cheng et al. (2018). They show that the long-term Fp, variability in two other CMIP5
simulations is governed by salinity rather than meridional velocity everywhere in the
Atlantic outside of the northern subtropics. This evidence, built upon the variability
of climate models, is not consistent with the box-model assumption that southern Fy,
fluctuations are primarily dominated by local circulation rather than salinity changes,
at least on 5-year and longer timescales.

The variability of the CMIP5 simulations is also used to identify how the southern
F,, perturbs the north-south FWC gradients, a key assumption upon which the salt-
advection feedback relies (Rahmstorf, 1996). All CMIP5 models, and EN4.2.1, show
that the meridional FWC variability on decadal time scales is primarily controlled
by variability in the northern Atlantic (i.e. 45°N-65°N), rather than in the southern
ocean (i.e. 54°S-34°S). This is also supported by the role of the North Atlantic in
governing the long-term variability of the north-south density gradients (Danabasoglu,
2008; de Boer et al., 2010; Cheng et al., 2018).

The well determined freshwater budget variability, even neglecting GM and lateral
diffusion terms, reveals that the F, 5’;15 influence in explaining FWC changes is restricted
to the South Atlantic and is always smaller than the influence of F;;:qe. This result
demonstrates that the southern Fy,,. cannot be neglected in AMOC bi-stability stud-
ies, as F245 alone cannot explain the southern transport contributions to the freshwater

budgets (De Vries and Weber, 2005; Mecking et al., 2016; Ferreira et al., 2018). More
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importantly, the contributions of E-P+R, driving FWC changes, and the northern
transports, cancelling FWC changes, are similar or even greater than those of F 5’;;1 in
the southern Atlantic freshwater budgets on multidecadal timescales. As the domain
gets larger to include both the South and North Atlantic, the northern F,, and its
balance with E-P+R become the most important contributors to FWC changes, al-
though F 5’5;96 contributions may also be relevant on 30-year timescales in some models.
These conclusions about the budgets are underscored by the large differences across
CMIP5 models. As in Deshayes et al. (2014), the roles of surface fluxes and advection
in governing basin-wide FWC changes vary greatly depending on the specific CMIP5
model.

Consistent with the previous findings, the correlations between F3+% and the AMOC
are not meridionally coherent and are mostly confined to the southern Atlantic on all
timescales. Even in this region, the correlations are relatively small in some models
and usually decrease on longer timescales, due to the increasing role of salinity in de-
termining the long-term F>4 fluctuations. Therefore, all the evidence gathered by the
internal variability of 10 centennial-scale simulations seem to refute the salt-advection
feedback hypothesis from simple box-models, particularly the third assumption of Fig.
1.7 that F3*% is the main driver of perturbations in the north-south density gradients.
This seems to be consistent within the CMIP5 models from Tab. 5.1, regardless of their
Fgfs sign. However, this is still a limited sample out of 44 CMIP5 models. In addition,
targeted numerical experiments, where the system is forced to change more systemat-
ically than the natural variability in these control runs, may shed more light on other

feedbacks and mechanisms controlling the AMOC behavior. This will be discussed as

future work in Section 6.4.
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CHAPTER O

CONCLUSIONS AND FUTURE WORK

6.1 Overview

An important feature of present-day climate is that the heat transport in the Atlantic
Ocean is northward in both hemispheres, rather than poleward as in the Indo-Pacific
Ocean (Ganachaud and Wunsch, 2003) and in the atmosphere ( Trenberth and Caron,
2001). This is due to the Atlantic Meridional Overturning Circulation (AMOC), trans-
porting warm water northward throughout the Atlantic to compensate for the south-
ward export of the cold North Atlantic Deep Water (NADW). The AMOC is a key
contributor in the climate system. The mean ITCZ position north of the equator is
argued to be the result of the northward cross-equatorial ocean heat transport achieved
by the AMOC (Frierson et al., 2013; Marshall et al., 2013). The AMOC is also thought
to be a key process by which anthropogenic heat and carbon can be transported from
the surface to the deep ocean, moderating the trajectory of climate change (Drijfhout
et al., 2014; Kostov et al., 2014). Finally, an AMOC weakening can culminate in large
climate changes on both regional and global scales, including severe alterations in the
surface air temperatures and precipitation patterns ( Vellinga and Wood, 2002; Zhang

and Delworth, 2005; Broccoli et al., 2006; Laurian et al., 2009; Jackson et al., 2015).



Chapter 6. Conclusions and Future Work

Although the AMOC dynamics are extremely important for the Earth’s climate,
they are not yet fully understood. Several AMOC topics of research still lack a better
understanding, such as: the AMOC transports and their modes of variability; the
relationship between interior pathways, boundary currents and the AMOC; and the
influence of meridional freshwater transports on the AMOC stability. Thus, improving
our understanding of these topics has the potential to aid in making accurate climate
projections, even on a global scale.

However, observing the AMOC is inherently challenging due its long timescales and
large spatial extent. Trans-basin observing systems, such as the RAPID array, monitor
AMOC changes at specific latitudes, but they are too sparse and only have 15 years
of observational records so far. This requires the complementary use of time-evolving,
three-dimensional model products to assess the ocean circulation. The aim of this the-
sis is to improve our understanding of the AMOC, particularly in the South Atlantic,
focusing on its transport variability and feedbacks on the climate system from a va-
riety of model products, which are: free-running models (FRMs) with distinct spatial
resolutions, state-of-the art ocean reanalyses (ORAs) and coupled climate simulations.

Particularly, the use of data assimilation (DA) methods can constrain ocean models
with historical observations, making the ORAs potentially useful products to assess the
true strength of ocean currents, which are otherwise difficult to measure. Therefore, this
thesis also explores the skills and limitations of the ORAs, by comparing them with
FRMs. Intercomparisons between ORAs and FRMs give valuable insights into how
ocean transports, which are not directly observed, are affected by DA (e.g. Zuo et al.,
2011; Karspeck et al., 2015). These intercomparisons are of fundamental importance
since ORAs are expected to provide transports for initialising the next generation of
eddy-permitting climate models, aiming to improve decadal predictions of the AMOC
and of climate (Pohlmann et al., 2009; Bellucci et al., 2013).

In this final Chapter, Section 6.2 provides a summary of major results achieved by

this thesis, Section 6.3 addresses the research questions posed in Chapter 1, and finally
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Section 6.4 discusses questions and areas of possible future investigations.

6.2 Summary of results

6.2.1 Validation of FRMs and ORAs in the South Atlantic

Five NEMO-based ORAs and two FRMs with eddy-permitting and eddy-resolving
resolutions were validated with hydrographic measurements and observational studies
in the South Atlantic. Two main regions were considered: (i) the southern Atlantic,
where ORA and FRM transports were compared to XBT-AX18 lines at 35°S; (ii)
and the NBC region in the tropical South Atlantic, where the model products were
compared to western boundary velocity measurements from a moored array section
at 11°S. The ORAs mainly differ by their initial conditions, their DA schemes and to
some extent by the observations assimilated, as they share very similar ocean model

configurations and all have the same atmospheric forcing. Key results are as follows:

e With the exception of GloSea5, the assimilation of observations systematically
increases the ORA large-scale and western boundary transports relative to the
FRMs in the South Atlantic. The ORA AMOC and NBC transports at 35°S
and 11°S, respectively, are up to ~6 and ~9 Sv stronger than both FRMs with
eddy-permitting and eddy-resolving resolutions, and are in closer agreement with

hydrographic measurements.

e Most of the ORAs better reproduce the XBT-AX18 transport distributions of
the AMOC upper branch between the western, interior and eastern boundaries
at 35°S. This improved distribution of the ORA transports is consistent with their
accurate positioning of the mean SSH fronts in the Brazil-Malvinas confluence
with respect to AVISO SSHs. Unlike the ORAs, the Malvinas current in the
FRMs, particularly in the high-resolution product, extends further north when

compared to AVISO, misrepresenting the mean position of the confluence and

123



Chapter 6. Conclusions and Future Work

compromising their regional transport distributions at 35°S.

e Improvements in the ORA circulation are also seen in the South Atlantic equa-
torial currents, particularly in the South Equatorial Undercurrent (SEUC) and
current branches (eSEC and ¢SEC). The ORAs show consistent SEUC, eSEC and
c¢SEC magnitudes with respect to previous studies (e.g. Molinari, 1982; Urbano

et al., 2008), whereas in the FRMs these currents are nearly absent.

e The monthly DWBC variability at 11°S in all eddy-permitting model products
is also only half of the observational estimates, since none of them reproduce
DWBC flow reversals, which are associated with the breakdown of the DWBC
into eddies. This is only achieved by the eddy-resolving model, suggesting that

the horizontal resolution plays a role in the development of DWBC eddies.

e Although GloSea5 is considered a reference product for the North Atlantic cir-
culation (Jackson et al., 2015), our results show instead that this ORA has an
anomalous circulation south of ~20°N, misrepresenting by far the Brazil-Malvinas
confluence position and the strengths of NBC, DWBC and equatorial currents.
GloSeab transports begin to drift in October 1992, precisely when the altimetry

observations are introduced into the DA system.

6.2.2 South Atlantic Meridional heat and volume transports

After a detailed validation of the ORA and FRM transports at 35°S and 11°S, the ben-
efits and limitations of DA in changing the South Atlantic meridional heat and volume
transports are investigated by performing analyses to quantify relevant contributions
to the inter-model transport spread. We look at how variations in temperature and
meridional velocities, particularly at the western boundary compared with ocean inte-
rior, contribute to explain transport agreements and disagreements between the model

products. Key results are as follows:
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e The ORA basin interior circulations, in both subtropical and tropical South At-
lantic, are consistently improved relative to the FRMs, with interior meridional

transports converging as Argo data are introduced.

e Despite the improvements in the interior circulation, large ORA AMOC and
MHT discrepancies, up to ~8 Sv and ~0.4 PW respectively, still remain between
35°S and the equator. These differences in the meridional transports are mainly
attributed to differences in the narrow South Atlantic western boundary currents

within 6° of the coast, which dominate the overturning component.

e Although DA consistently changes the upper western boundary transports in the
same direction (e.g. increasing the northward NBC and decreasing the south-
ward BC), they do not consistently constrain the boundary current transport
magnitudes. The NBC explains ~85% of the inter-product differences in the

total MHTs, with compensating variations in the DWBC also close to the coast.

e The meridional velocity differences, rather than temperature differences, in the
western boundary currents drive ~83% of the MHT spread. Although much
smaller, the temperature contribution to the inter-product spread in the MHT
is evident right against the western boundary, where temperature differences are
required to geostrophically explain the large western boundary velocity differences

among products.

6.2.3 Decoupled Freshwater Transport and Meridional Overturning
in the South Atlantic

In order to elucidate feedbacks between salinity distributions and the AMOC strength,
the same FRMs and ORAs were used to investigate the role of vertical and horizon-
tal salinity gradients in modulating the overturning and gyre freshwater transports,

respectively. Key results are as follows:
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oo Strength in the Atlantic is explained by spatial variation in the vertical salinity

contrasts between the AMOC branches, i.e. ASq1200m.-

The Antarctic Intermediate Water (AAIW) layer eliminates salinity differences
across the AMOC branches, i.e. AS1900:, is approximately zero, which decouples
F,, from the AMOC south of ~10°N. Therefore, the AMOC has very little fresh-
water transports in the South Atlantic, even though the AMOC itself is strong

and varies greatly between the model products.

As the AAIW disappears north of ~10°N, a large ASi290m, allows the AMOC to

drive substantial southward Fy, in the subtropical North Atlantic.

Total gyre freshwater transports are mainly controlled by the zonal salinity con-
trasts in the top 300 m, especially south of 30°N, although the gyre circulations
extend deeper. These F,,. transports exhibit a marked anti-symmetric pattern
around the mean ITCZ location at ~5°N, redistributing freshwater within this

0-300 m ocean layer in the subtropics of both hemispheres.

Since Fy, is very close to zero in the South Atlantic, Fj,.. sets the total South

Atlantic freshwater transport Fieqn.

6.2.4 Salt-advection feedback mechanisms within CMIP5 models

The internal variability of 10 centennial-scale CMIP5 simulations, with both positive
and negative F,, at 34°S, were used to investigate whether salt-advection feedback
mechanisms can be detected on a range of timescales. In these simulations, the green-
house gas emissions, radiative forcing and volcanic and anthropogenic aerosols were

held constant at pre-industrial levels. Key results are as follows:

AS1900m explains 90% of the inter-model spread in F,, at 34°S, reinforcing that
F,, strength is primarily determined by the AMOC salinity contrasts, instead of

by the AMOC strength in the southern Atlantic.
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e 7 out of 10 CMIP5 models have a 34°S-20°S F,,, variability that is more correlated
with local salinity variations than with local circulation changes on 5-year and
longer timescales. In the northern subtropics (i.e. 26°N-40°N), it is the meridional

velocity which clearly dominates Fy, variability in all models and on all timescales.

e The north-south FWC differences are primarily controlled by the variability in
the northern Atlantic (i.e. 45°N-65°N) rather than in the southern ocean (i.e.

54°S-34°S) on decadal and longer timescales for all CMIP5 models and EN4.2.1.

e The freshwater budget variability reveals that the influence of F,, at 34°S in
explaining FWC changes is restricted to the South Atlantic and always smaller
than the influence of Fjy,. at 34°S. As the budget domain gets larger to include
both the South and North Atlantic, the northern £, and its balance with E-P+R

become the most important contributors to FWC changes.

e The correlations between F,, at 34°S and the AMOC are mostly confined to the
southern Atlantic on all timescales. Even in this region, some models actually
show relatively small correlations, usually decreasing on longer timescales, due to
the increasing role of salinity in controlling long-term fluctuations of the southern

Eyy.

6.3 Conclusions and discussions of this thesis

This section addresses the research questions posed in Section 1.6 and discusses the

implications of this work.

e What are the benefits and limitations of DA in improving the simu-
lations of the South Atlantic ocean circulations, which are otherwise
difficult to measure? How sensitive are FRM and ORA heat transports
with respect to variations in temperatures and meridional velocities in

distinct oceanic regions?
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We show that the present ocean observation network and data assimilation schemes
can be used to consistently constrain the ORA interior circulation in both structure
and strength throughout the South Atlantic, which is improved with respect to the
FRMs. All NEMO-based reanalyses show a great agreement in reproducing the inte-
rior transports in both subtropical and tropical South Atlantic, especially in the Argo
period. As a result, both the freshwater and heat gyre components of the ORA circu-
lations are very well constrained throughout the basin and different from the FRMs.
This is in striking contrast with the large disagreement found in the ORA AMOCs and
their respective MHTs, which is traced back to transport discrepancies in the west-
ern boundary currents within a few degrees of the coast. Although DA brings the
transports closer to observational estimates and improves the positioning of ocean cur-
rents in the western boundary (e.g. Brazil-Malvinas confluence), they do not properly
constrain the magnitude of the western boundary transports.

Despite the fact that differences in the western boundary velocities primarily dom-
inate the inter-model spread in the MHTSs, there is a small but evident contribution of
the temperature differences right against the western boundary. This is geostrophically
required to support the large velocity differences between the products, emphasising the
large sensitivity of the western boundary currents, and therefore meridional transports,
to small density changes on the western boundary slope (e.g. Bingham and Hughes,
2009). This may also help to understand why the MHTSs of very similar NEMO-based
ORA are so sensitive to DA schemes and their configurations near the western bound-
ary. In the discussions of Chapter 3, we have argued two possible reasons for the
ORA limitations in representing the western boundary transports: (i) the lack of near
boundary observations, and/or (ii) the differences in DA error covariances when as-
similating observations lying near to the western boundary. Both topics (i) and (ii)
will be addressed as future work in Section 6.4 in order to better understand the ORA
limitations.

In general lines, the message of this thesis is more encouraging than that of Kar-
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speck et al. (2015) as it suggests that the assimilation of the current ocean observing
system allows the reproduction of many aspects of the circulation in the ORAs. How-
ever, more work is required to understand how to better represent and constrain the
critical western boundary currents where a lot of the climatically important heat and
freshwater transport occurs. Therefore, this will still likely limit the effectiveness of
ORA products for climate or decadal prediction studies, and the results of this thesis
clearly indicate that improvements in the ORA western boundary transports should be

quickly addressed by the climate research community.

e What is the role of salinity in modulating freshwater transports across
the Atlantic? How do FRM and ORA salinity distributions reveal

climate feedbacks between F),, transports and the AMOC?

A key finding of this thesis is that, although the inter-model spread in @, is
governed by the spread in the AMOC strength, this is not the case for F,,. The
model products, particularly the ORAs, show a great consistency in reproducing Fy,
throughout the Atlantic, even though they have very different AMOC strengths. This is
because of the central role of the vertical salinity contrasts between the AMOC branches
at ~1200 m, ASi200m, in determining the F,, strength throughout the basin. The
realistic representation of ASi900,, by the FRMs and ORAs was extremely important
to clarify feedbacks between F,, and the AMOC in the context of AMOC bi-stability.
Using these model products with realistic salinities but quite different AMOCs, we
clearly showed that the fresh AAIW layer eliminates salinity differences across the
AMOC branches (i.e. AS1200m ~0), which decouples F,, from the AMOC in the South
Atlantic. This decoupling refutes the use of F, at 34°S as an indicator of the AMOC
bi-stability (e.g. Rahmstorf, 1996), since a realistic ASja00, effectively shuts off, or
greatly weakens, first order feedbacks between the AMOC changes and F,,, throughout
the South Atlantic. This then leaves indirect Fj,.. feedbacks or Fy, in the north as

more relevant factors for the AMOC bi-stability (see Fig. 6.1 for recommendations
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on how to proceed understanding AMOC bi-stability). This thesis also represents a
step forward relative to Mecking et al. (2017) since we clearly explained why Fy, is so
dependent on the salinity biases, as noted by Mecking et al. (2017) when looking at
CMIP5 models.

e Can evidence for salt-advection feedback assumptions be detected in

the internal variability of coupled climate simulations?

All the evidence gathered by the internal variability of 10 centennial-scale CMIP5
simulations call into question the salt-advection feedback hypothesis from simple box-
models, proposed to be triggered by changes in the southern Atlantic. We have not
detected any clear evidence of the following mechanisms in the CMIP5 simulations,
which Rahmstorf (1996)’s box-model is built upon: (i) AMOC strength influences Fy,
at the Atlantic southern boundary, and (ii) F,, at the Atlantic southern boundary then
perturbs the meridional FWC difference and therefore feedback on the northern AMOC.
We clearly demonstrated instead that the southern F,, variability in most of the CMIP5
models is more dominated by local salinity changes rather than local circulation changes
on 5-year and longer timescales, calling into question the robustness of the first box-
model mechanism. The meridional FWC variability in all CMIP5 models has been
shown to be primarily controlled by variability in the northern Atlantic rather than
in the southern ocean, on decadal and longer timescales. Finally, the spatio-temporal
variability of the Atlantic freshwater budgets revealed that the influence of Fj, at 34°S
in explaining FWC changes is restricted to the South Atlantic and is always smaller
than the influence of F,. at 34°S. Therefore, the budget analyses consistently refuted
the box-model mechanism that F,, at 34°S is the main driver of meridional FWC
perturbations.

It should come as no surprise that coupled climate systems, containing feedbacks
not captured by the box-models, are governed by different dynamics than the box-

models (Fig. 6.1). This is clearly reinforced by the spatio-temporal analyses of the
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FRMs, ORAs and
coupled models

N-AMOC

ASAMOC ~0 psu in
the South Atlantic

BApn-s

| FW budget
analyses

E-P+R N-Fov S-Gyre

Figure 6.1: An updated schematic of Fig. 1.7 based on FRM, ORA and coupled model
results, showing which salt-advection feedback assumptions in box-models have been
invalidated and which new mechanisms should be considered for AMOC-bistability
from now on. The grey dashed arrows and grey box represent obsolete salt-advection
feedback mechanisms. The prefix ”S-" and "N-" denote southern and northern Atlantic,
respectively.

freshwater budget variability in CMIP5 simulations. The complete picture provided
by the budget analyses represents a step forward with respect to Cheng et al. (2018).
Cheng et al. (2018) also found missing links in the salt-advection feedback mechanisms
within two CMIP5 simulations, but they only focused on F,,, and the AMOC variability,
particularly on the meridional coherence and propagation properties of the signal. Here,
the spatio-temporal variability of the freshwater budgets showed key contributions of
Fyyre and E-P4+R to FWC changes, even within the southern Atlantic region. The

budgets also consistently revealed a change of roles between Fy,,. and Fy, throughout
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the basin: while Fy,,. is the dominant advection term in explaining South Atlantic
FWC changes, F,, becomes the dominant advection term in contributing to North
Atlantic FWC changes. Therefore, the findings of this thesis are clear with respect
that the southern Fy,,. cannot be neglected in AMOC bi-stability studies, as Fy, alone
cannot explain the southern transport contributions to the freshwater budgets. These
results also suggest that the second and third box-model mechanisms in Fig. 1.7 are no
longer relevant, implying that revisions to box-models should be made to include the
gyre component of the circulation (see the updated schematic in Fig. 6.1 considering

new mechanisms for the AMOC bi-stability).

6.4 Potential for future work

The main results of this thesis are documented throughout this chapter, and the previ-
ous section in particular. These findings represent a substantial step in improving the
understanding of the AMOC stability and the different model products used to study
the ocean circulation. Nevertheless, several questions are still open and new ones have
arisen from this study. Some areas of possible future investigation are briefly described

below.
e Sensitivity experiments changing DA configurations

As noted in this thesis, the ORA spread in the AMOC strength throughout the
South Atlantic narrows down to discrepancies in the western boundary currents within
a few degrees of the coast. Previous studies, such as Balmaseda et al. (2013a) and
Stepanov et al. (2012), showed that AMOC transports are very sensitive to the pa-
rameterization of observational errors and prescribed horizontal scales of DA error
covariances near to the boundaries, respectively. As Stepanov et al. (2012) noted when
assimilating the RAPID array into a NEMO model, even the shape of the DA er-
ror covariances (e.g. boundary-focused versus isotropic covariances) results in differ-

ent AMOC transports at 26.5°N. ORA sensitivity experiments in the South Atlantic
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could be better explored for future work, changing DA parameters near to the western
boundary. This approach would be useful to understand how the western boundary
and AMOC transports respond to changes in DA configurations near the boundaries,
and could be an interesting starting point to explain why such similar ORAs still show

large discrepancies in the South Atlantic meridional transports.

e Twin-experiments for assimilating data near to the western boundary

Another reason for the ORA transport discrepancies along the western boundary
could be the lack of near boundary observations, which limits DA in constraining the
ocean model in such dynamical regions. An idealised approach to test whether more
near boundary observational data would better constrain the transports is to perform
twin-experiments. In twin-experiments, fields from a model control run, such as SST,
SSS, SSH and T/S profiles, are used to assimilate data into the same model, but in
another run with different initial conditions. The purpose of twin-experiments is to
assess how the assimilation run converges to the "truth”, which in this case is the
control run. For example, different amounts of model data from the control run could
be assimilated near to the western boundary, in order to investigate how the transports
of the assimilation run converge to the transports of the control run as more data are

assimilated in the western boundary region.

e Comparisons with eddy-resolving ORAs

An interesting comparison for future work could be with eddy-resolving ORAs.
For example, a version of GLORYS reanalysis at 1/12° horizontal resolution (GLO-
RYS2V12) has already been released. Results of this thesis showed that the eddy-
resolving FRM better captures the DWBC dynamics and variability in the tropical
South Atlantic compared to eddy-permitting products, although its AMOC strength
and MHT are quite low with respect to the ORAs and observational estimates. There-

fore, the combination of DA with a high-resolution model could improve the ORA
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representation of the western boundary transports. This could be evaluated by com-

paring GLORYS2V4 and GLORYS2V12.

e Correcting DA issues in GloSea5

GloSeab transports start to drift in the South Atlantic when altimetry data assim-
ilation is introduced into the DA system, more precisely in October 1992. We suspect
this is related to inconsistencies in MDT bias corrections prior to SLA assimilation in
GloSeab, particularly south of 20°N. We raised this suspicion because GloSeab mis-
represents by far the position and intensity of the mean flows in the South Atlantic.
Investigations of the altimetry assimilation code, including its MDT bias correction,
could be done for future work. GloSea5 experiments modifying the altimetry bias
correction technique could also be performed to understand and therefore correct DA

issues with this ORA.

e Assessing CMIP5 historical runs and warming scenarios

We have evaluated the internal variability of CMIP5 simulations with greenhouse
gas emissions, radiative forcing and volcanic and anthropogenic aerosols held constant
at pre-industrial levels. In order to shed more light on other feedbacks and mecha-
nisms controlling the AMOC behavior, it would be interesting to know how the spatio-
temporal variability of the freshwater budgets would behave in CMIP5 experiments,
where the system is forced to change more systematically than the natural variability
in the pre-industrial runs. We could use the historical runs and even warming scenar-
ios to evaluate how this could impact the freshwater budget variability with respect to
pre-industrial runs. More CMIP5 or even new CMIP6 models could also be added to

the work in order to make the budget analyses more comprehensive and robust.

e Atlantic freshwater budgets at subpolar latitudes

In Chapter 5 the freshwater budgets were evaluated between 34°S and any other

latitude up to 50°N. More work can be done with the freshwater budget variability in
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CMIP5 models, focusing on a smaller but key area in the subpolar Atlantic (e.g. from
45°N to 65°N), where the OSNAP array is located (Lozier et al., 2019). Understanding
the contributions of each budget component to FWC changes in the subpolar Atlantic
could be extremely important to better understand the AMOC variability, since FWC
changes in this region can affect the deep water formation regions and therefore the
North Atlantic MOC strength much more quickly than those in the southern Atlantic.

Freshwater budgets from FRMs and ORAs could also be calculated and compared
to freshwater budgets from CMIP5 runs at subpolar latitudes. This would give more
insights about the dominant physical processes and how they vary between the different

products in this key region.
e Simplified ocean model to study the Atlantic freshwater budgets

In order to better understand the role of each freshwater budget component, a
simplified ocean model could also be used to specify individual components (e.g. E-
P+R, salinity distributions at 34°S, F,, and Fg,,.) and therefore study the sensitivity
of the AMOC by allowing variation in one component at a time. A similar experimental
approach published by Zika et al. (2018) to partition drivers of changing salinity could

be employed for studying the freshwater budgets in a simplified model.
e Investigating heat budgets

A similar work can also be done for the heat budgets, which would complement the
freshwater budget analyses. It would be useful to investigate which are the dominant
components of the heat budget variability and how they vary throughout the Atlantic
on a range of timescales. In Chapter 5 we have seen that the freshwater gyre component
is the dominant advection term in explaining South Atlantic FWC changes, whereas
the freshwater overturning component becomes the dominant advection term in con-
tributing to North Atlantic FWC changes. Analysing the heat budget variability, we
could also evaluate the role of heat gyre and overturning components in driving heat

content changes throughout the basin.
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e Density difference between AAIW and NADW formation regions

A different view of AMOC stability indicators is also given by Saenko et al. (2003). By
applying freshwater perturbations only in the AAIW formation regions, they clearly
showed that the transition between the "on” and ”off” states occurs when the densities
in the AAIW and NADW formation regions become comparable to each other. This
seems an interesting approach to investigate AMOC bi-stability, although Saenko et al.
(2003) have looked at only one coupled model. For future work, we could run fresh-
water hosing experiments in the AAIW formation region in different coupled models
to investigate whether they show similar responses to the one used by Saenko et al.
(2003). We could also look at the CMIP5 experiments and evaluate how the tempo-
ral evolution of density differences between AAIW and NADW influences the AMOC

strength under different warming scenarios.
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