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Abstract
The Southern Ocean connects the Indian, Pacific and Atlantic Oceans and provides a direct pathway to exchange mass, heat
and salt across the Global Ocean, therefore playing an important role in the global climate system. Due to the complexity
of its structure and the general inadequacy of its sampling, both in time and space, it remains a challenge to describe and
visualize the three dimensional pattern of its circulation and the associated tracer distribution (temperature, salinity, oxygen
or nutrients). This thesis contributes to the understanding of the thermohaline structure of the ocean and especially of
the remote Southern Ocean by introducing a novel decomposition method, the Functional Principal Component Analysis
applied on vertical profiles of temperature and salinity. To this end, we first normalize hydrographic profiles by using a
functional spline representation. Then the statistical method of dimension reduction and feature extraction reveals the main
spatial patterns of the temperature and salinity variations. The first two vertical modes contribute to 90% of the combined
variance and are related to very robust structures of the Global Ocean. The first mode is mainly controlled by temperature
and the second by salinity. In the Southern Ocean, the vertical modes present circumpolar patterns that can be closely related
to the stratification regimes that define the circumpolar fronts. Notably the Polar Front is located at the natural boundary
between the region controlled by the first (thermal) mode to the north and the second (haline) mode to the south. A mapping
of the fundamental zonation is provided with an estimate of the width of the water mass boundaries. As a validation of
this method, the Antarctic Polar Front is investigated further in the Indian sector using the same statistical framework.
We show that the Polar Front latitudinal position varies seasonally upstream of the Kerguelen Plateau. This meandering is
confirmed by hydrographic data gathered by elephant seals equipped with miniaturized sensors. The proposed statistical
method provides an objective way to define water mass boundaries and their spatial variability. It offers a useful framework
for representing the density structure of the ocean in a reduced-dimension space while maximizing the variance explained.
The functional approach also provides a robust way to validate model outputs against observations from any platforms.
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Sammanfattning

Södra Ishavet spelar en viktig roll i det globala klimatsystemet då det binder sam-
man Indiska Oceanen, Stilla Havet och Atlanten och är en direkt väg för utbyte
av massa, värme och salt mellan världshaven. På grund av en komplex struktur
och glesa observationer, både i tid och rum, är det ännu en utmaning att beskriva
Södra Ishavets tredimensionella cirkulationsmönster och fördelningen av tempera-
tur, salt, syre och näringsämnen. Denna avhandling bidrar till förståelsen av havets
termohalina uppbyggnad, särskilt för Södra Ishavet, genom att introducera en ny
metod för att statistiskt sönderlägga strukturen. Vi kallar metoden Functional Prin-
cipal Component Analysis och den appliceras på vertikala profiler av temperatur
och salinitet. Först normaliseras de hydrografiska profilerna genom att representera
dem med spline-funktioner. De statistiska metoderna för dimensionsreducering och
funktionsextraktion ger de huvudsakliga spatiala mönstren av variationerna i tem-
peratur och salt. De två första vertikala komponenterna står för 90% av den totala
variansen och hör samman med mycket robusta strukturer i världshaven. Den första
komponenten bestäms huvudsakligen av temperaturen och den andra av salinitet. I
Södra Ishavet representerar de vertikala komponenterna cirkumpolära mönster, nära
sammankopplade med den skiktning som definierar de cirkumpolära fronterna. An-
märkningsvärt är att Polarfronten sammanfaller med den naturliga gränsen mellan
områdena som styrs av den första komponenten (temperatur) i norr respektive den
andra moden (salinitet) i söder. Här ges en kartläggning av den grundläggande zo-
nindelningen med en uppskattad vidd på gränserna mellan vattenmassor. För att va-
lidera metoden gör vi en studie, med samma statistiska verktyg, av den Antarktiska
Polarfronten i sektionen söder om Indiska Oceanen. Studien visar att Polarfrontens
nord-sydliga läge norr om Kerguelen-platån varierar med säsong. Denna variation
konfirmeras av hydrografiska data insamlade av sjöelefanter utrustade med sensorer.
Den framlagda statistiska metoden ger möjligheten att objektivt definiera gränser
mellan vattenmassor och deras rumsliga variation och är ett användbart ramverk för
att representera densitetsstrukturer i ett dimensions-reducerat rum med maximerad
andel förklarad varians. Metoden med splines ger också ett robust sätt att validera
modell-data mot observationer från olika plattformar.
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Abstract

The Southern Ocean connects the Indian, Pacific and Atlantic Oceans and provides
a direct pathway to exchange mass, heat and salt across the Global Ocean, there-
fore playing an important role in the global climate system. Due to the complex-
ity of its structure and the general inadequacy of its sampling, both in time and
space, it remains a challenge to describe and visualize the three-dimensional pattern
of its circulation and the associated tracer distribution (temperature, salinity, oxy-
gen or nutrients). This thesis contributes to the understanding of the thermohaline
structure of the ocean and especially of the remote Southern Ocean by introduc-
ing a novel decomposition method, the Functional Principal Component Analysis
applied on vertical profiles of temperature and salinity. To this end, we first nor-
malize hydrographic profiles by using a functional spline representation. Then the
statistical method of dimension reduction and feature extraction reveals the main
spatial patterns of the temperature and salinity variations. The first two vertical
modes contribute to 90% of the combined variance and are related to very robust
structures of the Global Ocean. The first mode is mainly controlled by temperature
and the second by salinity. In the Southern Ocean, the vertical modes present cir-
cumpolar patterns that can be closely related to the stratification regimes that define
the circumpolar fronts. Notably the Polar Front is located at the natural bound-
ary between the region controlled by the first (thermal) mode to the north and the
second (haline) mode to the south. A mapping of the fundamental zonation is pro-
vided with an estimate of the width of the water mass boundaries. As a validation
of this method, the Antarctic Polar Front is investigated further in the Indian sec-
tor using the same statistical framework. We show that the Polar Front latitudinal
position varies seasonally upstream of the Kerguelen Plateau. This meandering is
confirmed by hydrographic data gathered by elephant seals equipped with miniatur-
ized sensors. The proposed statistical method provides an objective way to define
water mass boundaries and their spatial variability. It offers a useful framework for
representing the density structure of the ocean in a reduced-dimension space while
maximizing the variance explained. The functional approach also provides a robust
way to validate model outputs against observations from any platforms.
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Résumé

L’Océan Austral connecte les Océans Indien, Pacifique et Atlantique et permet le
transport de masse, chaleur et sel dans l’Océan Global, jouant ainsi un rôle impor-
tant dans le système climatique mondial. En raison de la complexité de sa structure
et de son échantillonnage insuffisant dans le temps et dans l’espace, il est difficile
de décrire et de visualiser les motifs tridimensionnels de sa circulation et la distri-
bution des traceurs associés (température, salinité, oxygène ou nutriments). Cette
thèse contribue à la compréhension de la structure thermohaline de l’Océan et en
particulier de l’Océan Austral en introduisant une nouvelle méthode de décomposi-
tion, l’analyse fonctionnelle en composantes principales appliquée aux profils ver-
ticaux de température et de salinité. Pour cela, nous normalisons d’abord les profils
hydrographiques en utilisant une représentation en spline fonctionnelle. Ensuite, la
méthode statistique de réduction de dimensions et d’extraction de caractéristiques
révèle les principales configurations spatiales des variations de température et de
salinité. Les deux premiers modes verticaux contribuent à 90% de la variance com-
binée et sont liés à des structures très robustes de l’Océan Global. Le premier mode
est principalement controlé par la température et le deuxième par la salinité. Dans
l’océan Austral, les modes verticaux présentent des motifs circumpolaires qui peu-
vent être étroitement liés aux régimes de stratification qui définissent les fronts cir-
cumpolaires. Le Front Polaire est notamment localisé en tant que transition naturelle
entre la région contrôlée par le premier mode (thermique) au nord et le second mode
(halin) au sud. Une cartographie de la zonation fondamentale est fournie avec une
estimation de la largeur des limites entre masses d’eau. Pour valider cette méthode,
le Front Polaire Antarctique est étudié plus précisément dans le secteur Indien en
utilisant la même méthode statistique. Nous montrons que la position en latitude du
Front Polaire varie saisonnièrement en amont du plateau de Kerguelen. Ces méan-
dres sont confirmés par des données hydrographiques recueillies par des éléphants
de mer équipés de capteurs miniaturisés. La méthode statistique proposée offre un
moyen objectif de définir les limites des masses d’eau et leur variabilité spatiale.
Elle fournit une structure utile pour représenter la densité de l’Océan dans un es-
pace de dimension réduite tout en maximisant la variance expliquée. L’approche
fonctionnelle fournit également un moyen robuste de valider des sorties de modèles
par rapport aux observations recueillies par n’importe quelles plateformes.
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Introduction

The Global Ocean is divided in three basins, Indian, Pacific and Atlantic, intercon-
nected through the Southern Ocean. The general circulation consists of two major
components, the wind-driven circulation in the upper ocean and the thermohaline
circulation over the entire depth of the ocean. The wind-driven circulation can be
idealized as the adiabiatic motions of sea water (Huang, 2015) whereas the thermo-
haline circulation is primarily driven by surface buoyancy fluxes induced by tem-
perature and salinity changes (Broecker, 1987). Temperature is forced by heating,
cooling and diffusion. Salinity is changed by addition or removal of freshwater,
which are either evaporation, precipitation, river runoff, ice formation (brine rejec-
tion) or ice melting. These surface heat and freshwater fluxes define the density of
a water mass and induce a displacement relative to the density of the surrounding
waters. Once in the interior of the ocean the water masses are roughly conserving
their properties acquired at the surface, the only forcing being the turbulent mixing.

The ocean stratification is stabilized by warmer and lighter water laying on top
of colder and denser water. This is the case in the whole ocean except in regions
where the strong salinity stratification compensates the temperature effect and al-
lows a colder water to stay above a warmer water (e.g. in the Antarctic Zone, see
Figure 3.3). Similarly salinity is not constantly increasing with depth because the
high temperature can compensate the salinity effect on density. So the stratification
of the ocean is resulting from a complex interaction of several drivers acting on both
temperature and salinity, that can in turn compensate each other.

The temperature and salinity distribution is usually described by defining water
masses with observed properties (temperature, salt, oxygen and nutrients), depths
and origins (Groeskamp et al., 2019). These water masses form at the surface in
specific regions and have been extensively described (e.g. Siedler et al., 2001;
Talley et al., 2011). The surface water mass formation induces high correlations
between properties, sometimes with regional or time variations. Indeed surface
fields of temperature and salinity are highly correlated. However the deeper property
fields present very different structures due to the general ocean circulation (Figure
1 and 3.1). This view of the ocean as a network of numerous water masses that
transform, mix and subduct with each other is generally complex to visualise.

The Southern Ocean circulation and its importance for the global
climate

The Southern Ocean plays a major role in the climate regulation. Its circulation is
characterized by the primarily wind-driven Antarctic Circumpolar Current (ACC)
flowing eastward around Antarctica. It is the most powerful current on the globe

1



a)

b) c)

Figure 1: Climatological positions of the Southern Ocean fronts and tempera-
ture and salinity distributions at selected depths - b) Temperature (250 m) and c)
salinity (600 m) fields are from the MIMOC climatology (Schmidtko et al., 2013) and
best represent the thermohaline structure of the upper 2000 m (Pauthenet et al., 2017).
The figure of fronts (a) is taken from Fieux (2017). Frontal definitions are based on
Orsi et al. (1995), and obtained from selected contours of mean dynamic height from
the climatology MDT_CNES-CLS09 (AVISO, 2009). The fronts shown are the Sub-
tropical Front (STF), Subantarctic Front (SAF), Polar Front (PF), Southern ACC Front
(SACCF) and Antarctic Divergence (AD).
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Figure 2: Schematic meridional section in the Southern Ocean - Adapted from
Talley et al. (2011) with the zonation of Pollard et al. (2002) in color. Acronyms :
Antarctic Circumpolar Current (ACC), Continental Shelf Water (CSW), Antarctic Sur-
face Water (AASW), Subantarctic Mode Water (SAMW), Subantarctic Surface Water
(SASW), Subtropical Surface Water (STSW), Antarctic Slope Front (ASF), Southern
Boundary (SB), Southern ACC Front (SACCF), Polar Front (PF), Subantarctic Front
(SAF), and Subtropical Front (STF).

and is responsible for re-distributing properties globally and propagating climate
anomalies between each basin. The ACC is zonally organized in fronts, defining
distinct circumpolar biogeographic zones (Figure 1). The fronts are sharp density
gradients between water masses often associated with a deep reaching current (jet)
and enhanced biological productivity. The circumpolar fronts convey an essentially
barotropic and zonal view of the Southern Ocean, however there is a clear merid-
ional circulation that is closing the global overturning. The rotation of Earth is
causing persistent westerly winds over the Southern Ocean that push surface waters
to the north, leading to the steepening of isopycnals and subsequently the upwelling
of deep waters (Marshall and Speer, 2012). The circumpolar upwelling of deep
water is feeding a lower cell creating Antarctic Bottom Water near Antarctica, and
an upper cell exporting Antarctic Surface Water northward (AASW, Figure 2). The
AASW is then subducted and exported equatorward as the Subantarctic Mode Wa-
ter and Antarctic Intermediate Water. That subduction is heavily influenced by the
regional structures of the mean circulation (Jones et al., 2016; Sallée et al., 2012)
and makes an important contribution to the global heat, freshwater and carbon up-
take of the ocean (Pellichero et al., 2018; Sabine et al., 2004; Sloyan and Rintoul,
2001). The anthropogenic carbon dioxide (CO2) emissions continue to rise at un-
precedented rates (Heede, 2014; Rubino et al., 2013). CO2 is a greenhouse gas and
40% of the total ocean uptake of anthropogenic CO2 is located in the subduction
region between 30◦S and the ACC (Sabine et al., 2004). The process transporting
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tracers (such as heat, freshwater or CO2) through the surface mixed layer into the
ocean interior is known as ocean ventilation. The physical processes responsible
for the Southern Ocean ventilation are still discussed (Bostock et al., 2013). Recent
work shows how the dynamics of Southern Ocean jets and their interaction with
topographic features and ocean stratification can lead to rapid changes in Southern
Ocean ventilation (Klocker, 2018).
In the past decades the Global Ocean heat content increased (Cheng and Zhu, 2018)
and especially in the Arctic where it is accelerated by ocean heat transport across
the Arctic circle (Marshall et al., 2014). In the Southern Ocean this warming is miti-
gated by the export of heat away from Antarctica through the meridional circulation
described previously (Armour et al., 2016). But yet, the ocean observations reveal
an average warming and freshening of the Southern Ocean during the past decade
(Chen and Tung, 2018; Sallée, 2018; Swart et al., 2018). To understand the South-
ern Ocean property distributions and changes is directly relevant for the prediction
of our changing climate system.

Observing the Southern Ocean stratification

Temperature, salinity and pressure collected as vertical profiles provide the most
fundamental information for physical oceanography. Since the early 1990s, large
oceanographic programs employed research vessels to produce synoptic sections
of the Global Ocean (WOCE, 2002) and a large amount of coastal observations
gathered in the World Ocean Database (WOD13, Boyer et al., 2013). In the year
2000 the program ARGO (Array for Real-Time Geostrophic Oceanography, Argo,
2018) was launched with the goal to release thousands of autonomous profilers in
the ocean. Today the ARGO floats are the main contributor of hydrographic profiles
between 60◦N and 60◦S. Since 2004 marine mammals have been equipped with
miniaturized devices to sample temperature and salinity during their displacements
at sea, to study their foraging behavior in relation to the oceanographic conditions
(Fedak, 2004). The collaborative effort of marine biologists and physical oceanogra-
phers raised this dataset to a quality sufficient to be incorporated in ocean databases
(Roquet et al., 2018). It is today the largest contributor of profiles south of 60◦S
(Treasure et al., 2017) and is known as the MEOP dataset (Marine animals Explor-
ing the Ocean Pole to Pole). Numerical models of the oceanic circulation are also
used to estimate the past and future ocean state (Madec, 2015). The ocean data as-
similation in circulation models offers today the most accurate and high resolution
representation of the time-varying ocean state (Stammer et al., 2016). The South-
ern Ocean observing system is changing with the onset of new technologies and
better coordination of observational platforms and modeling, it is therefore vital to
develop and implement adaptable analytical methods.

4



This thesis

Here we identified two sources of complexity to study the thermohaline structure;
(i) the three dimensional network of water masses that advect and mix with each
other and (ii) the numerous datasets, sometimes large or heterogeneously sampled
in time and space. The aim of this thesis is to contribute to the understanding of the
thermohaline structure of the ocean and especially of the remote Southern Ocean
by decomposing in modes its structure. We introduce a normalization of the hy-
drographic profiles by taking into account their functional nature, using innovative
tools from the field of Functional Data Analysis (FDA). The approach is exploratory
and is used to address two general questions :
•What are the main modes of variations of the thermohaline structure?
• Can we identify objectively the water masses and their boundaries?

The first chapter of this thesis presents the novel statistical method and its place in
the field of multivariate analysis. The method is described thoroughly in Paper I.
A second chapter introduces the dataset of profiles sampled with animal-borne in-
struments (MEOP). It also provides a procedure to correct the thermal lag effect of
the miniaturized sampler devices (Paper IV). The third chapter presents the main
modes of variation of the thermohaline structure in the Southern Ocean and their
relation to the fundamental water mass boundaries (Paper I). We propose a map-
ping of the circumpolar fronts that are coherent with the stratification regimes. The
fourth chapter is a regional study of the Polar Front in the Southern Indian Ocean
using the same statistical framework. It is a validation of the method, as well as
the description of a large seasonal meandering of the Polar Front upstream of the
Kerguelen Plateau (Paper II). The use of this method conveniently allows us to
compare model output with data sampled by marine mammals (MEOP) and ARGO
floats. The fifth and last chapter presents the vertical modes of the Global Ocean
and their relation to the known water masses distribution (Paper III). It pictures
the central place of the Southern Ocean within the Global Ocean. Finally a few
perspectives of this work are given in the last section.

5
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1. Methodology : Functional Data
Analysis of oceanographic profiles.

The goal is to visualize and better comprehend the complex three dimensional distri-
bution of temperature and salinity in the ocean. This dataset displays a small number
of dominant modes of variation, as most datasets do. The most popular technique
to identify these modes is the linear principal component analysis (PCA) introduced
by Hotelling (1933). A PCA is both a feature extraction and a dimension reduction
method. It produces a new set of variables (Principal Components (PCs)) that are
uncorrelated linear combinations of the original ones. Only a few of these vari-
ables incorporate most of the information, quantified by the variance. PCA is also
branded Empirical Orthogonal Functions (EOF), after Lorenz (1956) applied it in a
forecasting project. Today, EOF are widely used in meteorology, oceanography, and
climate science to identify patterns in time varying property fields (Dawson, 2016;
Hannachi et al., 2007). Analysis of meteorological fields with EOF enabled the
discovery and comprehensive mapping of most climate oscillations. The El Niño
Southern Oscillation (ENSO) was found to be the leading EOF of the sea surface
temperature in the tropical Pacific (Deser and Blackmon, 1995). The first EOF of
sea level pressure fields above the Southern Ocean revealed the Southern Annular
Mode (SAM, Gong and Wang, 1999; Marshall, 2003). The North Atlantic Oscil-
lation (NAO) was predicted by Walker (1928) but thoroughly depicted with EOF
later (Kutzbach, 1967; Trenberth and Paolino Jr, 1981). Closer to the subject of this
thesis, PCA have been used to handle several oceanographic variables in order to de-
lineate water masses (de Boer and van Aken, 1995; Lindegren and Josefson, 1998).
de Boer and van Aken (1995) conducted an explorative study to classify objectively
the water masses along a section in the Iceland Bassin. They successfully identified
the water masses by applying a PCA on the water properties. Lindegren and Josef-
son (1998) applied a PCA on temperature, salinity and oxygen of the Weddel Sea
bottom water to describe the general mixing situation. They mentioned the superi-
ority of visualizing the data in the main principal plans instead of the large number
of classical two-variable scatter plots. In a similar project of decomposition of the
ocean structure, Maze et al. (2017a,b) proposed a framework to define objectively
the typical temperature ARGO profiles in the North Atlantic. They applied a PCA
on the temperature data but did not show or analyze this result. Instead they did an
unsupervised classification of the main PCs and identified a number of classes of
typical temperature profiles.

In this thesis we use a PCA to study the stratification but also consider the func-
tional nature of an hydrographic profile. Indeed even though a profile is composed
of discrete values at fixed depth, these values reflect a smooth variation that could be
assessed at any depth. There is therefore a function for each property along depth,
and the profiles are of infinite dimension. The scientific field analyzing data as func-
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tions or curves is called Functional Data Analysis (FDA) and has become increas-
ingly important in recent years (see review of Wang et al., 2016). The monograph
of Ramsay and Silverman (2005) is the main reference on the subject. Ramsay
and Silverman (2005) adapted the classical principal component analysis (PCA) to
functional data and coined it functional PCA (FPCA). FPCA in oceanography was
mostly used to deal with remote sensing images (Acar-Denizli et al., 2018; Gong
et al., 2015). But several studies unrelated to physical oceanography employed
FPCA to analyze a collection of curves (e.g. Locantore et al., 1999; Moyer et al.,
2015; Nerini and Ghattas, 2007). In our specific case, we want to reveal the joint
variation of at least two variables (temperature and salinity) which calls to the use
of a multivariate FPCA (Berrendero et al., 2011; Happ and Greven, 2015).
The advantages of handling oceanographic profiles with a functional approach com-
pared to standard multivariate analysis are discussed in Bayle et al. (2015). The two
mains points are that (i) the functional approach includes the shape of the profiles
in the analysis. It integrates the "vertical link" that connects pointwise data along
depth. The standard alternative would be a PCA performed on the block structured
variables (temperature and salinity along depth), which provides invariant results
under any permutation of depth level. (ii) The functional approach also allows to
match at corresponding depth data that have not been sampled/computed at the same
depth. The naive solution would be to construct a data table from the linear inter-
polation of the data on a common mesh. On observations (noisy data), this can lead
to artificially correlated variables. The use of functions is therefore a more robust
way to handle data profiles and a normalization step to compare observations from
any oceanographic platforms and model data. To summarize we apply a bivariate
FPCA on temperature and salinity profiles to study important sources of pattern and
variations among the data.

1.1 Spline functions using B-spline basis

In the 1970s, B-splines were proposed as a convenient basis for problems of inter-
polation and smoothing with fixed knots (Carasso and Laurent, 1968; Herriot and
Reinsch, 1971). It became a viable computational tool with a proposed method of
evaluation based on a recurrence relation (Cox, 1972). Today the B-spline basis sys-
tem developed by De Boor (2001) is the most popular. The B-splines are polynomial
segments of degree three jointed end-to-end at argument values (knots), adjusted on
the data under continuity and derivability constraints. This basis is best suited for
non-periodic functions and has the advantages of very fast computation and great
flexibility (Ramsay et al., 2013). In our case we first linearly interpolate the data on
an uniform vertical grid to avoid overfitting the widely spaced data points and still
capture the fine scale stratification in the mixed layer (Figure 1.1). Then a spline
function is adjusted on the profiles of temperature and salinity, forming the depth
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varying functions xi (z) as follows :

xi (z) =
K

∑
k=1

ci
kφk (z) , i ∈ {θ ,S} (1.1)

where the ci
n,k are coefficients combined to the B-spline basis {φ1, . . . ,φK} of fi-

nite dimension K. The number of segments K controls the flexibility of the spline.
Depending on the problem, the spline can keep the vertical complexity of the data
(large K) or disregard it by smoothing the profile (small K), which is useful when
the data are highly corrupted by noise (Bayle et al., 2015; Nerini et al., 2010). The
basic descriptive statistics of a B-spline function are readily defined. The mean pro-
file can be obtained by projecting the mean of the ck coefficients in the B-spline
basis (Ramsay and Silverman, 2005). The derivative of a B-spline function can be
found by differencing its B-spline coefficients and the integral of a B-spline func-
tion can be reduced to a closed form expression of the integral in terms of higher
order B-splines (De Boor, 2001). Therefore, after defining the basis, a collection of
xi

n (z) functions can be explored with the ci
k,n coefficients alone.

Figure 1.1: Example of B-spline fit on a temperature and salinity profile - In this
case the same B-spline basis {φ1, . . . ,φ20} is used for temperature and salinity (last
panel) and is constrained from 5 to 2000m. The prior linear interpolation is not shown.

1.2 Multivariate Functional Principal Component Analysis (FPCA)

The PCA consists in finding the unique decomposition of the crossed covariance
matrix V of the data anomaly (see Figure 3 of Paper I). The data anomaly are the
centered coefficients ck stored in a matrix C. It is necessary to add a weighting ma-
trix to ensure the metric equivalence between the functional problem and its discrete
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version. Then the subtlety of the multivariate analysis is to join end to end temper-
ature (T) and salinity (S) fonctions and to weight the data to normalize their units
(◦Celsius and PSU). Hence the matrix V is composed of four blocks as follows :

V =

(
VTT VTS
VST VSS

)
(1.2)

where matrix VST is the covariance matrix of size K×K between coefficients of
variable S and variable T . Similarly we can add other properties (e.g. oxygen,
nutrients and chlorophyl) in the decomposition for potential biogeochemical appli-
cations. The computation details of the bivariate FPCA on temperature and salinity
profiles is described on the method section of Paper I.
The output of the FPCA are the L = 2×K eigenfunctions for T and S (ξ T

l ,ξ S
l )

coined "vertical modes" here and the associated eigenvalues λl . The vertical modes
define a space on which a maximum of variance is contained by a minimum num-
ber of modes. The highest eigenvalue is indicating the main mode of variation and
so on. The Principal Components (PCs) are the expression of the original datasets
when projected on the vertical modes. They are new uncorrelated variables that
contain a maximum of variance in the smallest number of variables possible.
The FPCA allows to quantify the amount of variance that each vertical mode induces
on the water column structure. It can also quantifies the amount of variance con-
tained by either temperature or salinity on each modes. Following Cardot (2007), a
profile can be reconstructed with a smaller number of modes. This allows to study
the effect of each modes on the profiles structure. After defining the basis of vertical
modes, it is computationally inexpensive to project any new profile on the basis and
locate it relatively to the climatology. This method is an objective way to organize
the ocean in terms of temperature and salinity profiles’ shape, that has the advantage
to isolate the main modes of variations from the small variability and potential error
of the observations or models.

Concerning the coding of his method, the fda R package provides the main
tools to work with B-splines and functional data analysis (Ramsay et al., 2013). Bai
(2016) later provided a useful R code to calculate the integral of a B-spline func-
tion, based on De Boor (2001). But to apply FPCA on our bivariate oceanographic
problem, project new profiles, reconstruct profiles with less modes and represent the
data, we developed our own functions. These R codes are compiled into a R package
named fda.oce and available on Github (https://github.com/EPauthenet/fda.oce).

1.3 Application on ocean data and model outputs

1.3.1 Types of data

In this thesis we used different types of data to build the vertical modes in order to
test the robustness of the method.
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• Observations
In situ observations from ship, ARGO floats or equipped seals (MEOP, see Chapter
2) present irregular temporal sampling and inhomogeneous spatial sampling. Their
use to define a basis of vertical modes would require some sort of weighting of each
profile in the PCA, so that the result is not biased toward the better sampled regions
and time periods. Furthermore it is impossible to provide time-mean maps of the
PCs from in-situ observations. So we do not encourage using observations to build
a vertical mode basis, however they can be projected on modes (Figure 1.2).

• Climatology
A better way to construct the basis is to first weight and interpolate the observations
to produce a gridded dataset. A time mean of this product is called a climatol-
ogy and is already provided by ocean data centers such as the (World Ocean Atlas
(WOA13), Levitus, 2013) or the (Monthly Isopycnal & Mixed-layer Ocean Clima-
tology (MIMOC), Schmidtko et al., 2013). Then the FPCA can be applied to the
gridded product without adding any spatial weighting parameters. In Paper III we
use the climatology MIMOC (Schmidtko et al., 2013) to define the Global Ocean
vertical modes (Figure 1.3). This climatology uses CTD profiles from three sources:
ARGO floats, Ice-Tethered Profilers in the Arctic (Toole et al., 2011), and shipboard
data from the World Ocean Database (Boyer et al., 2013).

• Reanalysis and state estimate
The numerical simulations of the ocean provide high resolution gridded ocean prod-
ucts. However the results can be unrealistic, and a way to improve them is to as-
similate the observations in the model. Several ocean products are developed by
constraining a global circulation model with all the observations available. The nu-
merical model provides a first guess of the evolving ocean state, which is then cor-
rected based on direct observations with data assimilation algorithms (variational
adjoint methods or sequential estimation, Carton and Giese, 2008). The resulting
ocean reanalysis is a better estimate of the ocean, than estimates based solely on
either observations or numerical simulation. The observations used in reanalysis
usually include in-situ temperature and salinity profiles, satellite Sea Surface Tem-
perature (SST) and along track sea-level anomalies obtained from satellite altimetry.
In Paper II we use the Global Ocean Reanalyses and Simulations (GLORYS, Ferry
et al., 2010) that employs the numerical model Nucleus for European Modelling of
the Ocean (NEMO, Madec, 2015). The data assimilation method of GLORYS is
based on a Kalman filter-smoother (sequential estimation).
Mazloff et al. (2010) provided a state estimate of the Southern Ocean (SOSE) with
the Massachusetts Institute of Technology General Circulation Model (MITgcm,
Marshall et al., 1997). In their case the model is fitted to observations by con-
strained least squares (Wunsch and Heimbach, 2007) and provides a realistic state
of the ocean. SOSE is used to define the Southern Ocean vertical modes in Paper I.
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1.3.2 Visualizing the results

A basis of vertical modes is defined by two types of parameters (i) the longitude,
latitude and depth extent of the study region and (ii) the number of B-splines which
defines the vertical smoothness. In figure 1.3 are presented the three different basis
explored in this thesis; the World Ocean and Southern Ocean down to 2000 m and
the Southern Indian Ocean down to 300 m. The upper panels (Figure 1.3) are a
representation of the effects of adding (+ curve) or subtracting (- curve) the first two
vertical modes (

√
λkξk) on temperature and salinity mean profiles. This represen-

tation is equivalent to the display of variables in standard PCA. The middle panels
(Figure 1.3) are the plots of PC1 against PC2, meaning the combination of PCs asso-
ciated with the highest projected variance λ1 +λ2. It provides the best 2D-mapping
of the profiles in the PCs space. The spatial distribution of PCs in the geographical
space permits to visualize the regions affected by the associated modes. Sharp con-
tours of PC in a map are linked with sharp changes of properties (i.e. fronts). The
projection of external profiles on the modes offers a framework to compare funda-
mental stratification properties (Figure 1.2). The first mode (∼ 70%) is a thermal
mode and the second mode (∼ 20%) is a haline mode. This is true regardless of the
region studied and is proved by the analysis of PC1 and PC2 contributions to the
heat and salt content in Paper III.
The vertical modes computed on the upper 300 m only are similar to the upper
300 m of the 2000 m long modes. This is a powerful result if one wants to estimate
the deeper ocean from the first 300 m, as getting deep observations is more difficult.
The vertical modes presented in figure 1.3 are further described in Chapter 3, 4 and
5 and in each associated paper.

Figure 1.2: PC2 spatial distribution in the Southern Indian Ocean of observations
(ARGO and MEOP) projected on the vertical modes defined with a reanalysis
(GLORYS) - Adapted from Pauthenet et al. (2018). The profiles are reaching 300 m
only, ARGO and MEOP profiles for the period 2007-2017 and the GLORYS map is a
time-mean of the period 2007-2014. PC2 is associated with a change of salinity in the
intermediate layer (see Figure 1.3). This framework is used to study the Polar Front
variability in Paper II.
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Figure 1.3: Summary figure of the vertical modes by region - Adapted from Pau-
thenet et al. (2018, 2017) and Paper III. Study region definitions, with their respective
PC1 (black axis) and PC2 (red axis) distribution and vertical modes effect (added (+
curve) or removed (- curve)) on the mean temperature and salinity profile. The axis
ticks along the arrows of PC1/PC2 distributions are for each PC units. The World
Ocean data is the Monthly Isopycnal & Mixed-layer Ocean Climatology (MIMOC) in
the upper 2000m (Paper III). The Southern Ocean is represented with the year 2007 of
the Southern Ocean State Estimate (SOSE) in the upper 2000m (Paper I). The South-
ern Indian Ocean is represented with a time mean average (2007-2014) of the Global
Ocean Reanalyses and Simulations (GLORYS) in the upper 300m only (Paper II).
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2. Observing the Southern Ocean
with marine mammals

2.1 Marine animals Exploring the Oceans Pole to Pole (MEOP)

The Southern Ocean is remote, battered by strong westerly winds and covered in
sea ice up to approximately 60◦S in winter. Incidentally there is a lack of in situ
ocean measurements at high latitudes and during winter months. The standard data
to study the ocean density structure are vertical profiles of temperature and salin-
ity collected with a CTD (Conductivity-Temperature-Depth). They are usually de-
ployed from research vessels or on autonomous ARGO floats (Argo, 2018). The
ARGO floats are a cheaper alternative than the conventional research vessels. The
ARGO global array counts 3,947 free-drifting floats (updated 22 September 2018)
providing temperature and salinity for the upper 2000 m of the ocean. However
both ARGO and research vessels cannot guarantee access to areas with sea ice.
In the mid 2000’s an unconventional type of data emerged from collaborations
between marine biologists and oceanographers (Fedak et al., 2002; Fedak, 2004,
2013). Southern elephant seals (Mirounga leonina) have been equipped with high-
accuracy conductivity-temperature-depth satellite-relayed data loggers (CTD- SRDLs,
coined "tags" in the following, Boehme, 2009; Fedak, 2013) providing temperature
and salinity profiles along their tracks. The tags are developed at the Sea Mammal
Research Unit (SMRU, University of St. Andrews, Scotland). The main popula-
tions of elephant seals are located on Subantarctic and Antarctic islands (e.g. Ker-
guelen, Macquarie, New South Wales, South Georgia, Bouvet or Falkland Islands,
Hofmeyr, 2015). The seals come ashore reliably twice a year; once for breeding and
once for moulting, when they are available to be captured and equipped with tags.
For the remaining eight months the seals spend their time at sea in a region that
spans the Southern Indian and parts of the South Pacific oceans, for the population
of Kerguelen (Hindell et al., 2016). During these long trips at sea the seals dive
repeatedly to great depths (590±200 m, with maxima around 2000 m) where they
feed predominately on mesopelagic prey (Cherel et al., 2008). The tag records tem-
perature and salinity profiles during the quasi-vertical ascent of the seals (Roquet
et al., 2011). In the end of the recording period, the tag is either lost with the moult
of the animal or retrieved by another team.
The data has to be compressed before being sent via Argos satellite, due to a lim-
itation of battery capacity and bandwidth availability. The compression involves
a vertical downsampling to ∼ 15 points with a broken stick method (Fedak et al.,
2002) and only ∼ 5 profiles per day are sent. A new generation of tags are sam-
pling both ascent and descent at high frequency (0.5 Hz) for every dive of the seal’s
journey during more than three months (over 80 dives per day, Guinet et al., 2014;
Mensah et al., 2018). This high resolution dataset offers an outstanding vertical and
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horizontal resolution, opening new horizons for the submesoscale processes study
(1-50 km, Siegelman-Charbit et al., under review). However this data can only be
accessed by physically retrieving the tag.
The bulk of the Southern Ocean data are gathered by southern elephant seals (Figure
2.1), but several other species from the pinniped family are also contributing, e.g.
Weddell seals (Leptonychotes weddell) or crabeater seals (Lobodon carcinophaga).
The profiles are quality-controlled (Mensah et al., 2018; Roquet et al., 2011, 2014)
and made freely available to the scientific community through the MEOP data por-
tal (meop.net, Roquet et al., 2018). As of today the MEOP-CTD database con-
tains 543,672 profiles gathered by 1274 tags (updated 10 April 2018) and is by far
the largest contributors (> 90%) of temperature and salinity profiles south of 60◦S
(Fedak, 2013; Treasure et al., 2017).

Figure 2.1: Density distribution of CTD profiles from MEOP - Adapted from
Treasure et al. (2017), the map (b) is realized with 529,373 profiles from the MEOP-
CTD database (see an updated map on meop.net). (a) represents the zonal number of
profiles from the MEOP-CTD (blue), the conventional CTD (red) and profiling floats
(ARGO, yellow) from the World Ocean Database (WOD13, Boyer et al., 2013). Note
the major contribution of MEOP south of 50◦S.

The principle intent of the MEOP data is to serve biological studies of forag-
ing ecology, physiology, multi-predator tracking, and animal responses to oceano-
graphic conditions (e.g. Biuw, 2007; Hindell et al., 2016; Labrousse et al., 2015;
McIntyre et al., 2011; O’Toole et al., 2017, 2014). Closer to this thesis subject,
the data sampled by seals provides a large amount of temperature and salinity pro-
files in under-sampled remote locations. It has significantly improved the model
simulation of the Southern Ocean (Roquet et al., 2013) and is now implemented
into the ocean reanalysis products ,e.g. the Ocean ReAnalysis System 5 (ORAS5,
Zuo et al., 2014), the Southern Ocean State Estimate (SOSE, Mazloff et al., 2010)
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or the Global Ocean Reanalyses and Simulations (GLORYS, Ferry et al., 2010).
The oceanographic conditions of several sectors of the Southern Ocean have been
characterized with a combination of ARGO and MEOP data (e.g. Boehme et al.,
2008; Charrassin, 2008; Ohshima, 2013; Pauthenet et al., 2018; Roquet et al., 2009;
Williams et al., 2016; Zhang et al., 2016). One key advantage of the MEOP data is
the availability of finely resolved sections across the ocean at different times of the
year (Pauthenet et al., 2018; Roquet et al., 2009).

2.2 Deploying and retrieving tags

The field work for deploying these tags takes place in the Subantarctic islands or
Antarctic coast. I was part of an elephant seals tagging summer mission (Decem-
ber 2016 to February 2017) executed by the French Polar Institute (IPEV) in the
Kerguelen Islands. Here I present the steps for capturing an elephant seal and at-
taching or removing a tag. The tags are left outside for over 24 hours before the
deployment to check on the SMRU website that they are working. The seal candi-
date must be over 300 kg, have just moulted, be isolated from other seals and away
from the water. Once the candidate is identified, it is captured by hand and immo-
bilized with a canvas bag placed over its head. It is then restrained by one or two
persons climbing atop of the seal and holding both flippers. Then the experienced
seal anesthetist injects a 1:1 mixture of tiletamine and zolazopam (commercially
available as Zoletil100) into the extradural venous sinus, through an intervertebra
cavity (McMahon et al., 2000). When the location is safe enough (relatively inland
and away from other seals) the injection is made intramuscular. The anesthetic is
then pressurized in a syringe and projected by blowing in a 1.5 m long pipe (blow
gun). The anesthetic is released when the needle hits the seal. The advantage of
intramuscular injection is to induce less stress for the animal than with the canvas
bag method. However the blowgun method provides less control on the amount of
anesthetic that reaches the blood of the seal. Once immobilized we collect morpho-
metric data and roll the animal into a net to weight it with a tripod and a digital
scale. The tag is then attached on the head using a two component epoxy glue after
cleaning the hair with acetone (Bailleul et al., 2007). Finally the team makes sure
for the seal to not enter the water while still sedated. During the whole process, the
vital signs and reflex responses of the seal are checked to ensure a safe tagging.
The process to retrieve a tag after the trip at sea of the seal is similar. The locations
of the seal is available on the SMRU website. Sometimes the seal is also tagged
with a smaller GPS, positioned lower on its back (Figure 2.2e,f). The GPS tag has
a longer battery life than the CTD-SRDL which ensures to receive at least one lo-
cation signal when the seal is back on land. When the seal is spotted and out of the
water, the tag retrieving process is applied in the same way than for deploying it.
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Figure 2.2: Field work steps for deploying or retrieving a tag - a) capture with
a canvas bag and intravenous Zoletil injection, b) collect of morphometric data, c)
weighting, d) old (orange) and new (grey) pelage, e) pressurized syringe (pink) pro-
jected with a blowgun on the lower flank, f) cutting the ziplocks to detach the GPS tag,
g) gluing the tag, h) freshly equipped with a CTD-SRDL. Photo credits : E. Pauthenet.

2.3 Thermal mass effect correction (Paper IV)

The integration of the MEOP database to the more conventional databases is made
possible by an appropriate quality control of the profiles (Roquet et al., 2017). In
the ideal case of an undisturbed environment, the tag precision is of ±0.005◦C in
temperature and ±0.02 psu in salinity (Boehme, 2009). But in the ocean several
factors are impacting the sampling accuracy. Therefore the profiles are first cor-
rected of the pressure-induced linear biases on both temperature and salinity mea-
surements (Roquet et al., 2011). Then a delayed-mode method is applied to reduce
the salinity offset mostly due to the external field effect on conductivity sensors
(Roquet et al., 2014). After these calibrations the tag accuracy is of ±0.02◦C and
±0.03 psu (Roquet et al., 2011). The tags are also affected by a thermal mass error
(Nakanowatari et al., 2017), resulting from the transfert of heat stored in the conduc-
tivity sensor’s wall to the water sample. Salinity is derived from both temperature
and conductivity. Therefore the thermal mass effect induces large discrepancies in
the salinity estimates (on the order of 10−2 psu) across sharp thermoclines (Mensah
et al., 2009, 2018; Morison et al., 1994).
In Paper IV we present the correction scheme developed for the thermal mass effect
on the salinity estimates of MEOP data. Here I briefly describe the correction ST (n)
that is directly added to salinity for the n− th sample:

ST (n) =
ΓSα

1−0.5β∆t
THP(n) (2.1)
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with α the error amplitude decaying with a relaxation time 1/β (Lueck, 1990), ∆t

the sampling time interval and THP the magnitude of the cumulated temperature
gradient. ΓS is the coefficient of sensitivity of salinity to temperature at fixed con-
ductivity and pressure : ∂S/∂TC,p. The correction accuracy is ensured by using
data from an experiment during which a set of tags is attached to a CTD frame
that produces simultaneous reference profiles. The error between the CTD and the
tag profile is minimized to get optimized α and β correction coefficients for each
tags of the experiment. It is found that for these optimum coefficients the error de-
creases by up to 60%. Yet these coefficients are varying largely between each tags
which encourages us to optimize the coefficients for each area of deployment, for
future calibration. Unfortunately this is not always ideal as the seals can travel long
distances through different water masses and seasonal variations are changing the
stratification setup. Therefore a set of generic correction coefficients is also pro-
posed and yields an error decrease of nearly 50% for the profiles with THP > 2◦C.
The generic coefficients are tested on high resolution profiles sampled by elephant
seals around the Kerguelen islands. This dataset provides both ascent and descent of
the dives (Figure 2.3). The upcast of the dive i is expected to match closely with the
downcast of the dive i+1. This is used to estimate the error and assess an average
reduction of the salinity error by 0.006 psu. The temperature sensor of the tags are
also affected by a thermal mass effect and a similar correction is implemented in a
future study (Siegelman-Charbit et al., under review).

Figure 2.3: A typical ascent (blue) and descent (red) profile of temperature and
salinity - Adapted from Mensah et al. (2018). The difference between upcast and
downcast is minimized by the thermal lag correction (full line). This profile was sam-
pled by a southern elephant seal around the Kerguelen Islands.
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3. The vertical modes of the ocean

3.1 The Global Ocean stratification (Paper III)

In this chapter we first present the modes of the Global Ocean and then describe in
more detail the Southern Ocean fronts and modes. In Paper III we use the FPCA
framework to visualise the Global Ocean temperature and salinity main structures
in the upper and intermediate layers. The modes are computed from the MIMOC
climatology (Schmidtko et al., 2013) down to 1950 dbar (∼ 1925 m) and we remove
all the seas that are not connected to the main basin. The first three modes define
a reduced-dimension space to represent the temperature and salinity interaction in
shaping the Global Ocean density structures (Figure 3.2). The PCs associated to
these modes present spatial distributions that can be closely related to the known
water masses distribution (Figure 3.1) and this is extensively described in Paper
III. PC1 is best correlated with the temperature at 340 dbar and PC2 with the salin-
ity at 750 dbar (Figure 3.1).
A total of 92% is explained by the three first modes of variations. The first two
modes are related to very robust structures of the ocean that we find back regardless
of the region studied (Figure 1.3). The first mode (69%) is driven by the overall tem-
perature gradient opposing the Subtropics to the Subpolar waters. It covaries with
large gradients of salinity (fresher in the south and saltier in the north). The wind-
driven gyres of each basin are influencing the temperature and salinity of the upper
layer (down to 500 m) and this is well captured by PC1. In the Indian there is no
northern subtropical gyre due to the basin geometry and the monsoon regime. The
second mode (18%) is driven by the salinity structures at all depth and essentially
in the intermediate layer (400-1500 m). It captures well the salinity asymmetry
between the Pacific and Atlantic covarying with the salinity domination of the strat-
ification in the Southern Ocean (Figure 3.1d). The third mode (5%) is associated
with intermediate layer salinity variations, that covaries with freshwater inputs at
the surface. It is essentially separating the Atlantic, Indian and Pacific when we
look at interbasin scale Paper I and III but is capturing more local variations if
the modes are computed at a regional scale (e.g. Southern Indian in Paper II). The
intermediate waters (500 to 2000 m) can be defined by their salinity extrema, either
high- or low-salinity (Talley, 2008) and PC2 or PC3 are capturing this signal.
The first mode inversion of the salinity profile at 600 m is only present for the
Southern Ocean modes because of the low salinity tongue marking the Antarctic In-
termediate Water (AAIW) lying under the salty Subantarctic Mode Water (SAMW).
For the Global Ocean modes, the high-salinity intermediate water (in the Arabian
Sea and North Atlantic) carries a strong signal that is causing the absence of salinity
inversion in the PC1 vertical mode (Figure 1.3 first column).
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Figure 3.1: Temperature, Salinity and Principal Component (PC) fields from the
climatology MIMOC - Adapted from Paper III. The temperature at 340 dbar (a) is
best correlated with PC1 (b), the salinity at 750 dbar (c) is best correlated with PC2
(d). PC2 and PC3 (f) are identifying the low- and high-salinity intermediate waters (e)
mapped by Talley (2008). Low-salinity :AAIW (dark green), NPIW (light green), LSW
(dark blue). High-salinity : MOW (orange in Atlantic), RSOW (orange in Indian).
Light blue in the Pacific: overlap of AAIW and NPIW. Light blue in the Indian: overlap
of AAIW and RSOW. The approximate potential density of formation is listed. AAIW
= Antarctic Intermediate Water, CDW = Circumpolar Deep Water, ITCZ = Intertropical
Convergence Zone, LSW = Labrador Sea Water, MOW = Mediterranean Overflow
Water, NPIW = North Pacific Intermediate Water, RSOW = Red Sea Overflow Water.
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Figure 3.2: PC1/PC2/PC3 plan for the mean profiles of MIMOC with their first
three vertical modes - Adapted from Paper III. The water masses of the Indian
(green), Pacific (blue) and Atlantic (orange) are mixed in the Southern Ocean. The
three first vertical modes are represented with the effect of adding (red) and removing
(blue) each eigenfunctions on the mean profile (black).

We also explore further how each mode represents the heat and salt content
and the dynamic height. The salt content is essentially contained by the second
mode and the heat content is well represented by the first mode only. The dynamic
height reconstructed with the first mode only is overshooting in the regions of strong
influence of positive PC2, hence of high salinity. This brings valid arguments for
calling the first mode a thermal mode and the second mode a haline mode.
In the three dimensional PC space the Atlantic is pulled away from the mean by
the Mediterranean Sea and the high salinity conditions of the North Atlantic (Figure
3.2). The dense waters of the Labrador Sea are located in the low PC1 and high PC2
quarter like the dense waters around Antarctica. The Indian Ocean is pulled by its
highly saline marginal seas and the North Pacific lays in the low PC2 side, triggered
by its overal low salinity. The Pacific, Indian and Atlantic are relatively spread in PC
space compared to the well contained Southern Ocean (Figure 3.2). This "dragon"
shape is a vivid illustration of the central place of the Southern Ocean in the Global
Ocean.

3.2 The Southern Ocean stratification

The Southern Ocean thermohaline structure is deeply influenced by the wind driven
Antarctic Circumpolar Current (ACC) flowing eastward around Antarctica. It was
observed that the change of properties from the cold and dense Antarctic waters to
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the warm and light Subtropical waters is organized in a step-like manner (Deacon,
1937). Sharp property changes (i.e. fronts) are separating zones of relatively uni-
form water mass properties. Traditionally, the ACC is known to count three main
water mass fronts: the Subantarctic Front (SAF), the Polar Front (PF) and the South-
ern ACC Front (SACCF) (Figure 1). They separate the Southern Ocean into four
main circumpolar zones from north to south; the Subantarctic Zone, Polar Frontal
Zone (PFZ), Antarctic Zone (AZ) and the Southern Zone (Figure 2). North of the
ACC, the Subtropical Front (STF) is separating the warm saline Subtropical surface
waters from the cooler fresher Subantarctic waters (Belkin and Gordon, 1996; Orsi
et al., 1995). The southern limit of the ACC is marked by the Southern Boundary
(SB) at the southern terminus of Upper Circumpolar Deep Water (UCDW, Orsi
et al., 1995). The SB is not considered as a front but rather as a boundary separating
two distinct current regimes (Roquet et al., 2009).

The main features of the ACC zonation can be related to whether the stratifica-
tion just below the mixed layer is controlled by the temperature or salinity vertical
gradients (Pollard et al., 2002). The Antarctic waters north of the PF are char-
acterized by the existence of a subsurface temperature minimum (Deacon, 1933).
This temperature minimum only exists because the salinity vertical gradient is large
enough to compensate and stabilize hydrostatically the water column. The high
salinity at subsurface is associated with the UCDW that upwell south of the PF (Fig-
ure 2). Similarly the strong vertical temperature gradients north of the SAF allows
the existence of a low salinity tongue forming the Antarctic Intermediate Waters
(AAIW) in lower latitudes (Figure 3.3). However, due to the limited availability
of subsurface data, the stratification is not often used to locate the fronts (Graham,
2014). The historical definitions of circumpolar fronts were done using specific
isotherms or isohalines from sparse hydrographic observations (Belkin and Gordon,
1996; Orsi et al., 1995) and are still used today in many studies (e.g. Reisinger
et al., 2018).

3.2.1 Sea Surface Temperature as front indicators

Sea surface signals captured by remote sensing data have been used in order to
overcome the spatial and temporal restriction inherent to hydrographic observations
(Gille, 1994). Major fronts can indeed be derived from Sea Surface Temperature
(SST) fields (Belkin et al., 2009; Legeckis, 1978). However the SST gradients are
discontinuous and multiple, in opposition with the circumpolar water mass bound-
aries (Graham et al., 2012). In the Southern Ocean, the gradients of SST south of
the PF are too weak to control the stratification and therefore to be used as a front
proxy (Dong et al., 2006; Graham et al., 2012). SST gradients are also too weak
to locate the PF in the region of Kerguelen and Crozet (Freeman and Lovenduski,
2016). But a few circumpolar PF were proposed from SST, using algorithms linking
the segments of SST maximum gradients, to satisfy spatial and/or thermal continu-
ity (Dong et al., 2006; Freeman and Lovenduski, 2016; Moore et al., 1997, 1999).
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3.2.2 Sea Surface Height as front indicators

The continuous-circumpolar water mass boundaries are associated to local narrow
currents known as jets (Sokolov and Rintoul, 2002). Indeed the density gradient due
to temperature and salinity gradients across a water mass boundary generally drives
a geostrophic current (Gille, 1994; Sokolov and Rintoul, 2007). Thereby, a front
is often associated with a swift current with a clear signature in gradients of Sea
Surface Height (SSH). Sokolov and Rintoul (2002) revealed that regions of high sea
SSH gradient are often collocated with a unique value of SSH. They exploited this
single value of SSH method (coined "contour method") to convey a significantly
more complicated view of the ACC, defining eight circumpolar fronts (Sokolov and
Rintoul, 2009). In their view, the ACC consists of multiple jets that are prone to
merging and separations (Sokolov and Rintoul, 2002, 2009). A number of frontal
definitions were later proposed based on this same idea (e.g. Billany et al., 2010;
Kim and Orsi, 2014; Langlais et al., 2011; Park et al., 2009; Sallée et al., 2008;
Volkov and Zlotnicki, 2012). The most recent contour method fronts are validated
with hydrography and show an overall consistent relation between the hydrography
and a single contour of SSH (Kim and Orsi, 2014; Park et al., 2009).
More recently several studies debated the contour method applicability to detect a
regional jet (Chapman, 2017; Gille, 2014; Graham and Boer, 2013; Graham et al.,
2012; Thompson, 2010). Graham et al. (2012) shows that a single SSH value does
not always coincide with an enhanced SSH gradient. They assess that the variabil-
ity of a particular SSH contour does not always imply variability of the jet. The
contour method also fails to represent the fronts seasonal variability where the flow
is strongly baroclinic (e.g. west of the Kerguelen Plateau, Pauthenet et al., 2018).
However the contour method performs well to detect the time-mean location of
fronts (Chapman, 2014) and approximate well traditional hydrographic front (Kim
and Orsi, 2014). It is simple to apply and has also proved to be valuable in defining
a circumpolar coordinate system for cross-frontal flux calculations (Dufour et al.,
2015; Langlais et al., 2011).

To summarize, circumpolar water mass boundaries and jets have frequently been
used interchangeably (Sokolov and Rintoul, 2009). Recent studies revealed that the
jet field of the Southern Ocean is complex and discontinuous (Chapman, 2017; Gra-
ham et al., 2012) in opposition with the circumpolar distribution of the salinity and
temperature fields (Pollard et al., 2002). In this thesis we see fronts as circumpolar
water mass boundaries.

3.3 Vertical modes as front indicators (Paper I)

Paper I is a study of the Southern Ocean stratification to map the spatial distribution
of the oceanic zones described by Pollard et al. (2002). The goal is to find an
objective way to define the zones based on the shape of the hydrographic profiles.
We apply our decomposition to temperature and salinity profiles of a state estimate
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of the Southern Ocean (SOSE, Mazloff et al., 2010). The first mode (73%) is
driven by the overall temperature gradient opposing the Subtropics to the Antarctic
waters. It covaries with large gradients of salinity (fresher in the south and saltier
in the north) with an inversion at 600 m (Figure 1.3 second column). The second
mode (20%) is driven by the salinity structures at all depth and essentially in the
intermediate layer (400-1500 m). It maps a low value trench in the Atlantic and
Indian that opens in the Pacific, similar to the salinity distribution at about 600 m
(Figure 1.2).
The first mode shows circumpolar contours than can be closely related to the thermal
Subtropical and Subantarctic Fronts (STF and SAF) and shows a constant PC1≈−1
south of the PF (Figure 3.4 and 3.3). The second mode best describes the PF and
SACCF in the salinity dominated ocean (Figure 3.3). We select contours of PC1 and
PC2 that are best fitted on the recent climatology of fronts established from SSH and
validated with in-situ observations (Kim and Orsi, 2014). For the STF we use the
definition of Orsi et al. (1995). A swift change of the PC value means a change of
the temperature and salinity profile shape, i.e. a front (Figure 3.4). So the fronts are
sharper where the PC contours are tight. The 25% and 75% quantiles are proposed
as an estimation of the front spread. The width of the fronts are an indicator of their
weakening or strengthening. The wider areas often reveal the strong baroclinicity of
the flow (west of the Kerguelen Plateau, southeast of the Challenger Plateau, in the
southeast Pacific and Argentine Basin). On figure 3.4 the fronts are well identified as
transitions between zones of relatively uniform water mass properties. The striking
result is that our objective statistical method gives PCs with spatial patterns that can
be connected to the zonation of Pollard et al. (2002).
• Subtropical Front
The STF is a narrow zone of transition between the upper Subtropical waters and
Subantarctic waters. It can be defined with PC1 contours (Figure 3.4) and is found
to be very tight at the western boundary current extensions in the Argentine basin
and the Indian basin (i.e. the Agulhas return current). It gets wider in the eastern
part of the Indian basin, similar to the Subtropical Front Zone defined by a region
of multiple SST fronts (Boer et al., 2013; Graham and Boer, 2013). In the Pacific
the STF is wider, similar to the band defined by the South and North STF of Belkin
and Gordon (1996).
• Subantarctic Front
The SAF is the sharp property gradient between the warm and salty Subantarc-
tic Mode Water (SAMW) and the Polar Frontal Zone. Contours of PC1 reveal its
circumpolar spread. On the western side it shows a "triangle shaped" meandering
south of the Challenger Plateau, also visible in Kim and Orsi (2014). On the Pacific
eastern side, the SAF is spreading, symptomatic of the Antarctic Intermediate Water
(AAIW) export in the region (Iudicone et al., 2007). In the Atlantic the typical horn
on the eastern edge of the South American Shelf is misrepresented, but this seems
to be a bias of SOSE as the feature is also absent in other studies (e.g. Pena-Molino
et al., 2014; Tamsitt et al., 2018, 2017).
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Figure 3.3: Temperature and salinity of the WOCE SR3 section with their PC1
and PC2 values - Adapted from Pauthenet et al. (2017). This section extends between
Tasmania and Antarctica. Above the sections are two identical plots of PC1 (black)
and PC2 (blue). The red segments mark values of PC1 for the northern fronts (STF and
SAF) and PC2 for the southern fronts (PF and SACCF) that best match the climatology
contours of the (Kim and Orsi, 2014) fronts. The STF is contained in a bracket because
several profiles are close to the criterion, signaling a meandering along the section.

• Polar Front
The PF is a natural boundary where the cold Antarctic Surface Water (AASW)
subducts beneath warmer Subantarctic water (Figure 2). It is generally character-
ized by the northernmost position of the subsurface T-min colder than 2◦C (Orsi
et al., 1995). In the FPCA framework, the PF is identified as the last circumpolar
contour of PC1 north of the AZ and the first circumpolar contour of PC2 south of
the PFZ. The position of the PF at the transition between the thermal and haline
mode indicates the fundamental place it occupies for the Southern Ocean stratifi-
cation. This front is the best represented compared to Kim and Orsi (2014) with a
typical spread upstream of the Kerguelen Plateau (Pauthenet et al., 2018). We find
later that the Polar Front can be best described locally by a combination of mode 1
and mode 2 (Paper II).
• Southern ACC Front
The SACCF stands as the southernmost dynamic ACC front and is characterized by
the upwelling of salty Lower Circumpolar Deep Water (LCDW) in the intermediate
layer (Orsi et al., 1995). It marks the southern limit of the AZ and is revealed by
contours of PC2 alone. The SACCF is well constrained in the Fawn Trough between
the North and South Kerguelen Plateau, as described by Roquet et al. (2009).
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Figure 3.4: Fundamental water mass boundaries of the Southern Ocean - Adapted
from Pauthenet et al. (2017) to emphasize the transition from PC1 to PC2 around the
PF. Contours of PC1 and PC2 are fitted on the STF (Orsi et al., 1995), SAF, PF, and
SACCF (Kim and Orsi, 2014) to show the spread of the water masse boundaries (grey
bands). PC1 reveals the STF, SAF, and PF (PC1 = -1) and PC2 is used for the PF and
SACCF.
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4. The Polar Front in the Indian
Sector

4.1 Motivation for an accurate Polar Front localisation

In general, an accurate knowledge of where Southern Ocean fronts are is essential
in order to improve our understanding of the role fronts play in the global climate
system and carbon cycle (Graham, 2014). In the Indian sector, the ACC has to navi-
gate around and through the Kerguelen Plateau (KP). The Kerguelen Islands are the
only Subantarctic Islands lying on the Polar Front (PF) path. The exact position of
the front in this region has been debated and this is reviewed in the next section.
An annual phytoplanktonic bloom develops over the Kerguelen Plateau following
natural input of iron from the shelf (Mongin et al., 2008). This bloom presents
a high carbon sequestration efficiency below the winter mixed layer (Blain et al.,
2007). The input of iron from the shelf to the surface water appears to be generated
by internal tides and a deepening of the mixed layer over the plateau fosters this
mechanism (Park et al., 2008b). The mixed layer depth varies drastically from one
side or the other of the PF, so the variations of the PF over the plateau could have
major importance for the timing of the bloom.
Knowing the location of the PF will also contribute to studies investigating the re-
lationship between fronts and biological activity. Marine apex predators (penguins,
albatrosses and seals) are known to rely on the frontal zones for foraging (Bost et al.,
2009). For example, the latitudinal position of the PF south of Crozet Islands is di-
rectly linked with the survival rate of its king penguin population (Bost et al., 2015;
Péron et al., 2012).

4.2 The Polar Front location from the literature

The major pathways and transport of the ACC above the plateau were described
from observations taken during the 2009 TRACK cruise (Transport Across the Ker-
guelen Plateau, Park et al., 2009) and sections gathered by elephant seals (Roquet
et al., 2009). The SAF is deflected north of the KP, conveying ∼ 90 Sv (Park et al.,
2009). The SACCF is channelled by the Fawn Trough south of the northern KP and
transports ∼ 43 Sv. The PF is in between these two fronts and consequently has to
cross the northern KP. The PF is delimiting the northern boundary of the subsurface
T-min, marking the region of Upper Circumpolar Deep Water (UCDW) subduction
(Orsi et al., 1995). It is a fundamental water mass boundary inherent to the sea-
water properties as it delimitates the region where the stratification is dominated by
salinity (Pollard et al., 2002). Its location across the KP was widely discussed (e.g.
Deacon, 1983; Dong et al., 2006; Orsi et al., 1995; Roquet et al., 2009; Sokolov
and Rintoul, 2009; Sparrow et al., 1996). Historically the lack of in-situ data was
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the main cause of misunderstanding of the PF position in the vicinity of Kergue-
len. Deacon (1983) was writing: "There seems to be little doubt that the Antarctic
convergence runs close to Kerguelen, but there are too few data to judge whether
it is generally north or south of the island, how much it moves from time to time,
and whether it is as meandering as the line in Fig. 4.1 suggests.". The PF position
was identified by the subsurface T-min = 2◦C (Belkin and Gordon, 1996; Botnikov,
1963; Orsi et al., 1995; Park et al., 1991; Pollard et al., 2002). Using hydrographic
data, Orsi et al. (1995) proposed a circumpolar contour for the PF crossing the
plateau north of the Kerguelen Islands (blue contour on Figure 4.2a). This contour
became a widely accepted reference and is still used today. Yet it is based on 12
hydrographic transects in the Indian sector (0− 130◦E) and there was no transects
between 60 and 95◦E (Kerguelen is located at 70◦E).

Figure 4.1: PF location from the note of Deacon (1983) - The dashed line shows
where the Antarctic temperature minimum has been found to sink below 200 m. The
dots show where information is available. The 2000-m isobath is also shown. Reprint
was made with permission from the publisher.

To overcome the spatial restriction of the hydrographic data, Moore et al. (1997,
1999) used SST gradients to locate the PF but frequently detected no surface ex-
pression of the PF between the Conrad Rise and the Kerguelen Plateau. Indeed SST
gradients often lead to ambiguous results since occasionally no sharp SST gradi-
ent is found (Gordon, 1971; Graham et al., 2012). Later on, Dong et al. (2006)
and Freeman and Lovenduski (2016) used a similar SST gradient criterion and both
found the PF merging with the SAF through the Crozet archipelago, then following
the east side of the Kerguelen Plateau to briefly merge with the SACCF downstream
of the Fawn Trough (light blue contour on Figure 4.2a). Freeman and Lovenduski
(2016) also claimed the SST gradient signal to be too weak to satisfy their criterion
in this region.
SST is also used by several biological studies tracking at-sea movements of king
penguins from the Crozet Islands. They relate the king penguins foraging behavior
to the PF located with a surface isotherme of 4◦ or 5◦C depending on the studies
(Bost et al., 2015; Cristofari et al., 2018; Péron et al., 2012).
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Today the best documented and most convincing definition is the PF of Park,
crossing the plateau∼100 km south of the Kerguelen Islands and bending northward
to their east (Park et al., 2014, 2008a, 1998, 2009). This characteristic subsurface T-
min to the east of the Kerguelen Islands was also revealed by sections obtained with
king penguins equipped with temperature sensors (Charrassin et al., 2004; Koudil
et al., 2000). Moreover a chlorophyll-poor tongue cutting the chlorophyll-rich area
develops in the Austral summer along their PF just east of the Kerguelen Islands
(Charrassin et al., 2004; Della Penna et al., 2018; Mongin et al., 2008). The con-
tour method of SSH performs well for locating a time-mean hydrographic front
(Chapman, 2014). Indeed the "hook" shape of the PF around the Kerguelen Islands
is represented with the latest SSH derived PF (Figure 4.2a and 1) (Fieux, 2017; Kim
and Orsi, 2014; Park et al., 2009). The definition of Sokolov and Rintoul (2009)
is a SSH contour aiming to track the jets. They select one SSH value every 30◦ of
longitude, hence the double contour around 60◦E (red line in Figure 4.2). So the PF
is well located over the KP (Park et al., 2014, 2009), however the large latitudinal
discrepancies west of Kerguelen are still unresolved (Figure 4.2a). There is a need
for a robust and objective frontal detection method.

4.3 The Polar Front and the vertical modes (Paper II)

In Paper II we apply a FPCA to the upper 300 m of the GLORYS reanalysis and
find the typical two principal modes of variation (Figure 1.3). We then define an
objective PF position based on the temperature profiles shape. The existence of a
T-min at the subsurface is identified by taking the sign of the temperature verti-
cal gradient between the subsurface and the maximum depth (300 m). Indeed an
increase of temperature between the subsurface and deeper water signals the exis-
tence of a subsurface T-min. This criterion is applied to profiles reconstructed with
only three PCs, to only study the fundamental structure of the profile. This allows us
to identify the PF as a plan in PC1/PC2/PC3 space and a segment in PC1/PC2 space
(Figure 4.2b-g). This simple result is confirming the fundamental meaning of the
PF. It is a transition between the two main modes of variation, from a stratification
dominated by salinity in the AZ to a stratificaion driven by both temperature and
salinity in the PFZ.
The proposed PF position reveals a large seasonal variability, especially between
the Conrad Rise and Kerguelen Plateau. In September it is found around 49◦S and
in March it is shifted south by up to 4◦ of latitude (Figure 4.3). To make sure that
the PF seasonal variation is not an artefact of the GLORYS reanalysis, we validate
its position with observations. To do so we project all available MEOP and ARGO
data on the modes and apply the criterion. A global map of the criterion reveals
the concordance between GLORYS contours and the in-situ observations (Figure 2,
Pauthenet et al., 2018). Several finely resolved sections sampled by elephant seals
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Figure 4.2: Polar Front definition from six different studies compared on a
PC1/PC2 space - a) is a map of the region with 300 and 2000m bathymetry. The
6 other panels are the PC1/PC2 space with each definition. The PC space is defined
with the GLORYS reanalysis on the domain 0− 130◦E and 70− 40◦S (see Fig. 1a,b,
Pauthenet et al., 2018). The black contour on the panels b) to g) is the concave hull
containing the GLORYS profiles in PC1/PC2 space (see Fig. 1d, Pauthenet et al.,
2018). The studies presented in color used either hydrographic data, Sea Surface Tem-
perature (SST) or Sea Surface Height (SSH) sometimes validated with hydrographic
data. The PF of Pauthenet et al. (2018) is in black and the SAF and SACCF in dashed
lines are located by selecting the closest contour of PCs from the definition of Kim and
Orsi (2014).
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across the PF at different periods are investigated and document well this seasonal
meandering (Figure 3 and S5, Pauthenet et al., 2018).

Figure 4.2 represents the main PF definition on the map but also on the PC1/PC2
space. The PC values associated to a contour are found by selecting the closest grid
point to the contour. This allows to compare several front locations to the clima-
tological underlying stratification. As the stratification along a front is expected
to be relatively unchanged, the PF definitions that are crossing a large range of PC
values are indicating a crossing of different water masses (e.g. Freeman and Loven-
duski, 2016; Orsi et al., 1995). In contrary the definitions that are crossing a smaller
range of PCs are lying over similar profiles. We can thereby validate the PF mapped
from contour methods of SSH relatively to our definition (Kim and Orsi, 2014; Park
et al., 2009). Chapman (2014) already noted that SSH contour method are efficient
in identifying a time-mean hydrographic front. However the seasonal meandering
magnitude west of the the KP is underestimated by the contour method (Figure 4,
Pauthenet et al., 2018). This is probably due to a change of the currents direction
with depth, also identified with a strong baroclinic signal west of the plateau in
SOSE (Pena-Molino et al., 2014).

Figure 4.3: Polar Front seasonal meandering west of Kerguelen - Adapted from
Pauthenet et al. (2018). The PF position is derived from the GLORYS reanalysis over
the period 2007-2014, using the FPCA framework. 300 and 2000m bathymetry is
shown.
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5. Conclusion and Outlook

In this thesis we explored the thermohaline structure of the ocean with a Functional
Principal Component Analysis (FPCA) and propose a framework to study the ocean
stratification. This framework is used to delineate the fronts of the Southern Ocean
in Paper I and map the Antarctic Polar Front (PF) in the Indian Sector in Paper
II. The main results are that our objective statistical method gives Principal Com-
ponents (PCs) with spatial patterns that can be connected to the Southern Ocean
zonation as controlled by the changing balance of stratification. The circumpolar
zonation is mapped in Paper I and an estimate of the width of the fronts is pro-
posed. Interestingly, the fronts are more spread in the regions where the baroclinic
flow is stronger (e.g. eastern Pacific, west of the Kerguelen Plateau, south of the
Campbell Plateau and in the Argentine basin). In Paper II the PF is also identified
by a changing balance of stratification. It is the natural boundary between the region
controlled by the first thermal mode to the north and the second haline mode to the
south. This frontal position is mapped in the Indian sector revealing a large sea-
sonal meandering upstream of Kerguelen, that we validated with temperature and
salinity sections gathered by equipped elephant seals. Seasonal changes of the up-
per stratification may drive the observed variability of the PF, with potentially large
implications for the pathways and residence time of water masses over the plateau
and the phytoplankton bloom extending southeast of the Kerguelen Islands. The
FPCA framework is also used on a climatology of the Global Ocean and presents
a simple visualisation of the global thermohaline structure on a reduced number of
dimension (Paper III). The three main modes of variations are sufficient to identify
the main upper and intermediate water masses. The temperature field in the upper
layer and the salinity in the intermediate layer are best correlated with the PC1 and
PC2 fields respectively, and thereby are the best representation of the thermohaline
structure of the upper 2000 m of the ocean. Finally a more technical work on the
quality assessment of profiles sampled by marine mammals is presented in Paper
IV. We corrected the salinity bias due to the thermal lag effect of the miniaturized
tags. A future study correcting this effect on temperature sampling is under review
(Siegelman-Charbit et al., under review).

One striking result of this thesis is to find that about 90% of the variance ex-
plained by only two modes. These two first modes are fundamental structures of the
Global Ocean. At global scale, the third mode is essential to differentiate each basin.
So the fundamental shape of a profile can be reduced to three scalars (PC1, PC2 and
PC3), which is a powerful approximation that could have many applications. Here
are several perspectives to this work that should be explored in the future.

• Being able to determine objectively the type of a cast in terms of water mass
properties is a valuable asset for many oceanographic problems. For instance,
it can be extremely useful for data calibration. In frontal regions, the usual
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calibration methods are uncertain (e.g. Wong et al., 2003), and the FPCA
method could be used to improve them by locating profiles relatively to a
climatology in a PC space, with the advantage of taking into account the
whole vertical shape of hydrographic profiles.

• The modes computed on the upper 300 m are surprisingly similar to the up-
per 300 m of the modes computed on 2000 m long profiles (Figure 1.3). If a
transfer function between the two set of modes could be determined, it would
provide a powerful asset to estimate the intermediate waters from the upper
ocean. Similarly the modes could be extended deeper than 2000 m by find-
ing the transfer function between modes computed on 2000 m and modes
computed on the sparse deep reaching profiles (Only 6% of hydrographic ob-
servations lie below 2000 m, de Lavergne et al., 2016). The shorter profiles
could then be extended deeper and the error associated with the reconstruction
estimated.

• Another perspective is to establish a link between the PCs and the SSH field
in order to reconstruct temperature and salinity profiles from altimetry obser-
vations in a fashion similar to the gravest empirical mode projections (Meijers
et al., 2010), with the advantage that the FPCA framework do not need to as-
sume an equivalent barotropic structure of the Southern Ocean. So the method
would not be limited to the subpolar regions.

• The recent deployment of biogeochemical sensor on profiling floats con-
tributes to a growing biogeochemical profiles database (Bio-Argo and SOC-
COM programs, Barbieux et al., 2017; Claustre et al., 2009; Johnson et al.,
2017). Biogeochemical studies could use our framework by including oxy-
gen, nutrients or chlorophyl profiles on top of temperature and salinity in the
FPCA. This would be useful to define biogeochemical zones objectively.

• The B-spline basis allows to have uneven knots spacing. It could be useful for
optimizing the amount of spline needed to represent a profile, as the surface
usually presents sharper gradients than the depth. Thus the number of spline
could be higher in the upper ocean and lower in deeper water, reducing the
total number of spline and better adjusting the profiles.

• Paper II illustrates the potential of the method for localizing fronts regionally.
We could use it in other regions for decomposing and describing the ocean
structures above complex bathymetry for example.

• We also illustrate the practical potential of the FPCA framework to compare
different studies (Fig. 4.2). The FPCA could also track the time evolution
of a dataset or be used for model intercomparison. For example the Coupled
Model Intercomparison Project (CMIP) projections of sea level rise for this
21st century largely disagree in magnitude and regional patterns, and there

36



is a lack of understanding of the physical mechanisms causing this spread
(Slangen et al., 2014). Projecting the ocean state of each CMIP model on
a PC space would provide a coherent way to compare and validate different
model simulations.

• An unsupervised classification of the PCs of our FPCA such as the Gaussian
Mixture Model (GMM) of Maze et al. (2017a,b) in the North Atlantic could
present an automatic way of identifying the Southern Ocean fronts. Jones
et al. (2018) presented a preprint of a similar work on the Southern Ocean
ARGO temperature profiles only, using a PCA and GMMs on the resulting
PCs. The addition of salinity in the analysis is highly relevant as the stratifi-
cation is dominated by the salinity south of the PF.

• Wunsch (2018) recently proposed a heuristic way of estimating the changes
in heat, salt and dynamic height by assuming that the strongest globally spa-
tially varying structures represent a deterministic component, then by sepa-
rating stochastic from deterministic elements of the fields. He employed a
singular value decomposition of the property fields and analyzed the residual
fields generated by subtracting the main modes i.e. the globally correlated
structures. By making the same assumption, the main modes of variations
(e.g. q≤ 3) identified by our FPCA could be seen as the deterministic struc-
tures and the higher modes (e.g. q > 3) as a stochastic error. Then a more
advanced analysis of the reconstructed profiles with only the main modes or
higher modes could provide a new insight in the long term heat, salt and dy-
namical height changes.

There is a long history of activity at the interface of statistics and oceanogra-
phy, but the disciplinary distinctions have limited these interactions and more cross-
disciplinary efforts are needed. The standard method to study the ocean structure
is to decompose the mechanisms in physical processes. In this thesis, I presented
how to use a statistical decomposition of the ocean. Linking the resulting statistical
modes to the physical processes is not always obvious as the ocean is not naturally
made of orthogonal modes. However the statistical method provides a simplifica-
tion of the complex system observed, that is necessary to reveal the hierarchy in the
property variations. This thesis brings important clues on the interactions between
temperature and salinity and how they produce the observed stratification. This
is an effective way to orientate the physical oceanography studies towards the key
processes that control the thermohaline structure. Functional Principal Component
Analysis applied on temperature and salinity profiles provides an enlightening way
to look at the ocean structure.
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